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ABSTRACT 
Antigens of blood forms and sporozoites of 4 species of rodent 
malaria parasites have been studied using antisera raised against 
Plasmodium yoelii in rabbits and mice and employing the Indirect 
Fluorescence Assay and Crossed Immunoelectrophoresis. 	Some comparisons 
were also made with the human malaria parasite P. falciparum. A stable 
antigenic marker was demonstrated, and the inheritance of antigen 
studied, in a cross between P.y. yoelii Isolate 17X line A 2 and P.y. 
nigeriensis Isolate N67 line D 2 . 	The following conclusions were 
drawn: 
Sporozoites of P. yoelii possess species-specific and strain- 
specific antigens. 	An antigen present in P. yoelii sporozoites 
is also present in blood forms of all 4 rodent malaria species 
and P. falciparum. 
The antigens of P.y. yoelii (lines A 1 and A2 ) and P.y. 
nigeriénsis (lines D 1 and D2 ), demonstrable by CIE are pre-
dominantly common. 
Two antigens of P. yoelii precipitate particularly strongly 
with antisera raised in rabbits. 	These antigens were design- 
ated Ag-1 and Ag-2. 
P. yoelii parasites growing in mature red blood cells possess 
more detectable Ag-i than parasites growing in immature cells. 
This correlates with the virulence of the parasites. 
Ag-i in P.y. yoelii lines Al. A 2 , A3 and YM has a higher 
electrophoretic mobility than that in P.y. nigeriensis lines 
D i  and D2 . 
Ag-2 has a constant electrophoretic mobility and is present in 
similar amounts in all lines of P. yoelii tested. 
Ag-i and Ag-2 are present in the sera of infected mice and both 
share heat-stability characteristics with the R-antigens of P. 
falciparum. 	They are not expressed on the surface of erythro- 
cytes infected with P.y. nigeriensis line D 2 . 
Parasite virulence, as determined by the amount of Ag-i detected, 
and the electrophoretic mobility of Ag-i •are inherited according 
to Mendelian principles. 
(iii) 
Ag-i is governed by two genes located on separate chromosomes. 
One gene, which may be regulatory, governs the amount of 
antigen produced. 	The other governs its mobility. 
P. yoelii blood forms possess precipitinogens common to those 
ofP. berghei, P. vinckei and P. chabaudi. 	One of these is Ag-2. 
P. berghei and P. vinckei blood forms possess precipitinogens 
which are antigenically identical to Ag-i but differ in their 
electrophoreti c mobility. 
Blood forms of P. falciparum possess at least three antigens in 
common with P. yoelii, two of which precipitate well. 	One 
antigen belongs to the L-antigen group and is partially identical 
to Ag-1. 	The other belongs to the R-antigen group. 
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Malaria is one of the world's most important diseases in terms 
of morbidity and mortality. 	There are 150 million cases of clinical 
malaria each year and in Africa alone the annual mortality is around 
1 million. 
The major impetus for malaria research has always been the search 
for a method of protecting man against the disease. 	In the late 19th 
century vaccination was, as now, a subject of intense interest and 
public debate (Fig. 1). 	Almost as soon as the blood forms of the 
malaria parasite were discovered work began on the immunisation of men. 
In 1898 Charles wrote to Ross (in India) of the Italian work "Celli 
has been working at the subject of rendering men immune to malaria. 
He has been using the serum of immune animals and extract of internal 
organs. 	His results have not been published but there is an idea 
abroad that he has met with partial success" (Charles, 1898). However, 
the optimism at that time was sadly ill-founded since the search for 
a safe and effective immunisation procedure for man has not yet been 
successful. 
Over the past twenty years the malaria problem has worsened 
rather than improved. 	In India in 1962 an initially successful eradi- 
cation programme had reduced the annual number of cases to 100,000 but 
by 1976 the annual incidence had risen to over 6 million cases (Cohen, 
1979). 	This failure to control the disease is principally the cumu- 
lative result of the development of insecticide resistance in the 
mosquitoes and drug resistance in the parasites, compounded by the 
practical problems involved in operating control procedures over vast 
areas of country with very few trained personnel. 	An inexpensive and 
long-lasting vaccine is urgently required. 
1.1. 	The life cycle 
Malaria has been the subject of research for over 100 years. 	In 
1880 Laveran discovered malaria parasites in the blood of a man showing 
symptoms of the disease. 	A few years later he, Manson and King formu- 
lated a hypothesis that 'gnats' were connected with transmission of 
malarial fever, rather than the inhalation of malarial 'miasms' from 
contaminated water, as had previously been believed. 	The following 
years saw intense research activity involving workers in several 
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FIGURE 1. "Vaccination as a subject for public debate" 
(From the original). 
2. 
countries, notably Ross (in India) and Grassi, Bignami and Bastianelli 
(in Italy) to elucidate the mosquito stages of the life cycle of avian 
and human malaria. 
1898 was an important year for malaria research. 	At a meeting of 
the British Medical Association in Edinburgh, Manson reported that 
Ross had succeeded in tracing the complete life cycle of avian malaria 
and gave a demonstration of the newly discovered mosquito stages 
(Manson, 1898). 	A few months later an editorial in the British Medical 
Journal reported from a paper published by Grassi, in Italian, that a 
patient had developed malaria after having been exposed to the bites 
of mosquitoes collected in a malarious area. 
The avian species continued to make a substantial contribution to 
malaria research. 	Infected canaries were used very successfully in 
early drug tests but canaries were small and expensive and the discovery 
of P. gallinaceum in chickens in Colombo (Brumpt, 1935) enabled more 
extensive work to be carried out, including the first demonstration of 
exo-erythrocytic schizogeny (James & Tate, 1937). 	In 1948 Shortt and 
Garnhamdescribed the pre-erythrocytic forms of P. cynomolgi in the 
liver of a rhesus monkey and similar forms were soon found in the liver 
of a man infected with P. vivax. 
Also in 1948 Vincke and Lips captured two infected.tree.rats 
(Grammomys surdaster) in Zaire and succeeded in transmitting Plasmodium 
berghei from them to laboratory rats and mice by inoculation of blood. 
Three years later Yoeli and Wall (1951) reported that P. berghei had 
been transmitted through Anopheles mosquitoes in the laboratory. The 
availability of P. berghei, and several other species of rodent malaria 
isolated subsequently, opened up the field of mammalian malaria research 
and made it possible to carry out work on the genetics of the parasites 
(Beale et al., 1978). 
Even now, a century after the discovery of the erythrocytic forms, 
stages of the malaria life cycle are still being discovered. 	The re- 
currence of clinical P. vivax malaria long periods after exposure to 
infection led scientists to postulate a resting stage of the parasite. 
(Shute et al., 1976). 	Recently Krotoski et al. (1980) have discovered 
dormant stages (hypnozoi tes), developed from a sub-population of sporo-
zoites, in the liver of a rhesus monkey infected with P. cynomolgi 
3. 
bastianelii and the last major section of the life cycle may have been 
revealed. 
The majority of the work in the present study has been carried out 
on the rodent malaria parasite, P. yoelii. A diagram of the life cycle 
is provided in Figure 2. 
The mammalian host is infected by the bite of a female anopheline 
mosquito carrying sporozoites of Plasmodium in its salivary glands. 
The sporozoites enter the bloodstream (with the anticoagulant saliva) 
and circulate in the blood to the liver, where they enter parenchyma 
cells. 	There they reproduce asexually producing many 	I mero- 
zoites, which are released into the blood stream approximately 48 
hours after infection. 	The merozoites invade erythrocytes, P. yoelii 
merozoites entering. reticulocytes in preference to mature red blood 
cells, and undergo further asexual multiplication. 	This involves the 
transformation of the merozoite to a ring stage and then a trophozoite, 
followed by nuclear division and the production of a schizont. 	The 
mature schizont contains 8-16 merozoites which are released approximately 
24 hours after infection of the erythrocyte, accompanied by destruction 
of the cell. In P. yoelii and P. berghei this release is asynchronous 
but in P. vinckei and P. chabaudi the schizonts rupture around the same 
time. 	The merozoites invade more erythrocytes and asexual reproduction 
continues. 	Some merozoites, on entering erythrocytes, - do not reproduce 
as described above but mature into sexual forms, microgametocytes (male) 
and macrogametocytes (female). 	A single gametocyte is formed by each 
merozoite and they are most common in the peripheral blood 5-6 days 
after infection with P. yoelii sporozoites. 	When a mosquito feeds on 
this blood microgametes are released from the microgametocyte in the 
mosquito gut by the process of exflagellation. 	The macrogametes (one 
per macrogametocyte) are fertilised by the microgametes and the resulting 
zygote penetrates the wall of the mosquito mid-gut and forms an oocyst, 
within which thousands ofsporozoites develop. 	After 10 days the 
sporozoites begin to burst out of the oocysts and migrate to the sali- 
vary glands, where they reach their peak infectivity. 	They are in- 
jected into the blood-stream of the mammalian host when the mosquito 
feeds and the cycle continues. 
The genetic organisation of malaria parasites is poorly understood. 
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FIGURE 2. 	The life cycle of malaria parasites, adapted from Adam 
et a]. (1971). 
*It is uncertain whether more than one cycle occurs in the liver of 
rodents. 
4. 
Studies of drug resistance and enzyme variation have shown that the 
blood forms are haploid (Walliker et al., 1973, 1975) and there is some 
cytological evidence of meiosis in the oocyst (reviewed by Sinden, 
1978). 
1.2. 	A theoretically suitable vaccine 
Children born to immune mothers in endemic malarious areas are 
protected for the first few months by passive transfer of antibodies 
in their mother's milk. 	After this period they are very susceptible 
to infection; most of the annual 1 million deaths from malaria in 
Africa occur in children at this stage. 	Surviving children develop 
an acquired immunity to asexual blood form parasites, which keeps the 
parasitaemia low, and maintain this as long as they are constantly 
exposed to infection (reviewed by Cohen, 1979). 
Protection of children would require the administration of a 
vaccine at around the age of three months. 	Immunising antigens would 
require to be very immunogenic, either alone or in combination with a 
safe adjuvant. 	Sub- or intra-cutaneous or intramuscular inoculation 
would be preferable to intravenous, especially as soluble antigen in-
jected intravenously might be particularly liable tb block existing 
circulating antibodies and be prevented from stimulating the immune 
response, thereby making the recipient even more susceptible to infection. 
The ideal vaccination would be effective against both sporozoites 
and blood forms but would not completely suppress infection. 	Production 
of sterilising immunity would remove the opportunity of the host to 
develop and maintain his own acquired resistance and vaccination would 
have to be repeated, perhaps several times depending on the duration 
of protection, during the lifetime of the individual. 	This would be 
too expensive and too complicated to consider in most malarious areas. 
A component of an ideal vaccine would also be directed against gametes, 
therefore blocking the transmission cycle. 	In this way a vaccine would 
protect children from fatal infection whilst they acquired their own 
immunity and immunity in the population would decline at the same time 
as, rather than before, transmission began to decrease. 	Bearing in 
mind the enormous areas affected by malaria and the flow of people, 
and possibly insects, from one area to another the prospects for 
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completely stopping transmission are low but an equilibrium between 
a low level of transmission and a. partially immune population would be 
acceptable. 	Constant reinforcement - of acquired immunity would also 
allow resistance to an indefinite number of antigenic variants to become 
established in the population. 
1.3. 	Targets for immunisation 
Information from many sources has been gathered together in 
several recent reviews of malarial immunity and the prospects for vacci-
nation (Cohen & Mitchell, 1978; Cohen, 1979; Spear & Silverman, 1979; 
Desowitz & Miller, 1980; Playfair, 1980). 	Unreferenced information 
in the following paragraphs may be found in these reviews. 
Three stages of the malaria parasite have been selected for 
special attention as potential targets for immunisation. 	These are 
sporozoites, merozoites and gametes. 
Vaccination studies on sporozoites have been undertaken in birds, 
rodents, primates and man (reviewed by Nussenzweig et al., 1972; 
Richards, 1977). 	Results with avian and rodent models showed that 
good protection against sporozoite challenge could be induced by mature 
X-irradiated sporozoites but that the route of vaccination should be 
intravenous. 	Clyde et al. (1973) showed that this protection could 	be 
induced against P. falciparum in men by allowing X-irradiated infected 
mosquitoes to feed on them over an extended period of time. 
Rieckmann et al. (1974; 1979) were also successful using the same 
technique but in both experiments protection lasted for only a few 
months. 
Although it has been shown that immunisation with sporozoites in 
man is possible there are several problems which militate against its 
use in mass vaccination. 	Immunity to sporozoites has been found in 
all studies to be strictly stage-specific (Nussenzweig et al., 1969b; 
Vanderberg et al., 1972). 	Protection would therefore require to be 
100% efficient as any merozoites escaping from liver schizonts could 
multiply unhindered. 	The requirement for intravenous inoculation 
(Spitalny & I'Iussenzweig, 1972) would also preclude mass vaccination 
against sporozoites. 	However, recent experiments in mice (Orjih et 
al., 1981) have shown that intramuscular inoculation of irradiated 
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sporozoites protects over 80% of very young mice (2-24 days old) 
against sporozoite challenge while only 33% of adult mice were pro-
tected. 	Results of animal experiments cannot always be extrapolated 
to man but it is possible that intramuscular immunisation, perhaps 
with a suitable adjuvant, might be effective in children. 
In 1961 Cohen et al. showed that 	the parasitaemia of Gambian 
children with severe malaria was reduced to a very low level and the 
disease cured by passive transfer of antibodies from the serum of 
immune adults. 	This West African serum was also found to be protective 
against East African P. falciparum(McGregor et al., 1963) showing that 
at least some of the protective antigens in human malaria are shared 
by remotely separated parasite populations. 	The antibody was found 
to act on mature schizonts or free merozoites (Cohen & McGregor , 1963) 
and merozoites began to be regarded as a potential immunogen. 
Trials of P. knowlesi merozoite vaccines have proved encouraging. 
Freeze-dried merozoites stored for up to 20 weeks at 4 °C and, injected 
with Freunds complete adjuvant (FCA), protected 80% of rhesus monkeys 
against challenge with the homologous strain and two heterologous ones. 
(Cohen et al., 1977). 	This protection lasted 18 months and the immun- 
ity was generally sterile. 	Cabrera etal. (1977) also found that 
long-lasting immunity could be induced by vaccination with a non-viable 
preparation of P. knowlesi blood forms. 	Rhesus monkeys immunised as 
juveniles survived challenge with a heterologous variant over 4 years 
after immunisation. 	Thus long-lasting protection can be obtained in 
simian hosts using an antigen which can be stored for long periods and 
which can be used with BCG and adjuvant 65 which are suitable for 
human use, rather than with FCA which cannot be administered to humans 
because of its carcinogenic potential (Schenkel et al., 1973, 1975; 
Cabrera et al., 1976, 1977). 
Malarial gametes are also a potential target for immunisation 
(Carter & Chen, 1976; Gwadz, 1976). Vaccination against gametes does 
not protect the vaccinated individual but prevents transmission as 
antibody ingested by the mosquito in its blood meal immobilises the 
microgametes in the mosquito gut and prevents fertilisation. Gamete 
antigens would therefore be a useful inclusion in a multipotent vaccine 
but would be unlikely to be accepted without simultaneous protection 
against the blood forms. 
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1.4. 	The search for protective antigens 
A major problem with any vaccination schedule is the availability 
of material for immunisation. 	The erythrocytic forms of the human 
malaria parasite P. falciparum can now be cultured in vitro (Trager & 
Jensen, 1976) so it might be possible to culture enough parasites for 
an immunisation programme. 	However, an additional problem of in- 
oculation of parasite material grown in human blood is the separation 
of erythrocyte antigens from the immunising inoculum and the exclusion 
of viral contaminants. 	The collection of gametocytes from culture is 
subject to the same problems and sporozoites and liver forms have not 
yet been successfully grown in vitro. 
All the above problems could be overcome by the identification of 
protective antigens and of the genes governing their production. 
These genes could then be cloned as plasmids in bacteria as has already 
been done for variant antigens of trypanosomes (Frasch et al., 1980). 
Parasite antigens have not yet been synthesised by this method but 
other proteins, such as proinsulin, have been produced in bacteria 
(Villa-Komaroff et al., 1978). 	Theoretically, large amounts of pro- 
tective malarial antigens could be cheaply produced in this way. 
Numerous antigenic analyses of plasmodial antigens have been 
undertaken (reviewed by Zuckerman, 1964, 1969, 1977). 	Methods of de- 
tecting malarial antigens have included immunofluorescence, circum-
sporozoite precipitation (the formation of precipitate around sporo-
zoites incubated in immune serum) agglutination, immunodiffusion, 
immunoelectrophoresis, in vitro radio-labelling of parasites, two-
dimensional SDS polyacrylamide gel electrophoresis and autoradiography. 
These techniques are considered in the Discussion. 	The recent intro- 
duction of monoclonal antibody technology to antigenic analysis of 
plasmodia has greatly improved the prospects for identification of 
individual protective antigens. 	Monoclonal antibodies protective 
against P. berghei sporozoites (Potocnjak et al., 1980) and P. yoelii 
blood forms (Freeman et al., 1980) have already been produced. 
1.5. 	The aims of this study 
Many current studies are concentrating on the identification of 
protective malarial antigens; however, very little is known of the 
ability of the parasites to vary these antigens. 	Genetics of antigenic 
variation has been studied in the free-living protozoan Paramecium 
(Beale, 1974). 	Paramecium possesses a series of genes at different 
chromosomal loci, each with a series of alleles. 	In homozygous 
organisms only one surface (or immobilisation) antigen, controlled by 
a single locus, is present on the cell surface at any particular time. 
The study of inheritance of antigens in malaria parasites should, 
therefore, provide information fundamental to the design of malaria 
vaccines but has been largely neglected until now. 	The rodent malaria 
system is the only model suitable for the study of parasite genetics 
and studies of the inheritance of drug-resistance, enzymes, virulence 
and protection have been carried out in rodent plasmodia (reviewed by 
Beale et al., 1978). 	No direct study of the inheritance of antigens 
has previously been undertaken, although studies of the inheritance of 
protection (Oxbrow, 1973) have suggested that antigenic differences 
might exist between parasites of P.y. yoelii and P.y. nigeriensis. 
These two sub-species were selected for further investigation in this 
study with the following aims: 
To study the antigenic character of P.y. yoelii and P.y. 
nigeriensis and to identify stable antigenic markers for the 
two sub-species. 
To study the inheritance of these antigenic markers. 
To investigate the nature of these antigens and their distri-
bution among other rodent malaria species. 
Initially indirect immunofluorescence was employed as Nardin 
(1979) 	had successfully detected strain-specific reactions in 
sporozoites of P. knowlesi using this technique. 	Later crossed immuno- 
electrophoresis was adopted as both quantitative and qualitative anti-
genic differences had been demonstrated in P. knowlesi blood form 
parasites by this method. (Deans et al., 1978). 	Most of the work in 
the present study was carried out on blood form parasites because of 
their availability but sporozoites were examined where technically 
possible. 	During the course of this study P. falciparum material 
from in vitro culture became available and it has been included in 
some comparisons. 
10. 
MATERIALS AND METHODS 
2. 	Laboratory Hosts 
2.1. 	Rodents 
Mice iinuunised with sporozoites were (C57B1 x CBAjCa)F 1 crosses 
bred and housed in the Department of Zoology, University of Edinburgh. 
C57B1 mice, aged between 5 weeks and 3 months at the start of 
experiments, were obtained from the University of Edinburgh Centre for 
Laboratory Animals (UECLA), housed in the Institute of Animal Genetics, 
University of Edinburgh and used for all other definitive experiments. 
Routine passage of parasites, as well as preliminary experiments, 
were carried out using various straThs of mice bred and housed in the 
Institute of Animal Genetics. 
White rats, aged 3 weeks, were obtained from UECLA and housed in 
the Institute of Animal Genetics. 
Rodents were supplied with pelleted diet (MacGregors of Leith) and 
water ad libitum. 	The water for all mice except those immunised with 
sporozoites was supplemented with 0.05% (w/v) para-aminobenzoic acid 
(PABA) to aid parasite growth (Hawking, 1953; Jacobs, 1964) 
2.2. 	Rabbits 
White Rex, Himalayan and Dark Chinchilla rabbits, bred and housed 
in the Institute of Animal Genetics, were used for the production of 
antisera. They were aged between nine months and two years at the 
start of the experiments. 	Pelleted diet and water were supplied ad 
libitum. 
2.3. 	Mosquitoes 
Mosquitoes of the species Anopheles stephensi were bred and main-
tained in the Institute of Animal Genetics, University of Edinburgh. 
The adult insects were housed in a temperature of 25-27 °C, humidity 80%, 
on a cycle of twelve hours light and twelve hours dark. 	10% glucose 
solution was supplied ad libitum. 	After infection of mosquitoes with 




3.1. 	Parasite Lines 
Most of the work in this project was carried out on parasite lines 
of two sub-species of Plasmodium yoelii:- P.y. yoelii and P.y. nigeriensis 
(Fig. 3). 
3.1.1. 	P.y. yoelii 
Four lines, denoted Al . A2 , A3 and YM, were studied. 	All of these 
lines were derived from Isolate 17x of P.y. yoelii, which was obtained 
from a naturally infected thicket rat (Thamnomys rutilans) in the Central 
African Republic (Landau and Killick-Kendrick, 1966). 	This isolate and 
the four lines derived from it possess enzymes of the following types: 
glucose phosphate isomerase-1 (GPI-1), glutamate dehydrogenase-4 (GDH-4) 
(Carter, 1978) and adenosine deaminase-2 (ADA-2) (Knowles et al., 1981). 
Lines A1 and A2 : Infections of C57 Bl 	mice caused by lines A 1 
and A2 are typically mild and mainly restricted to immature red blood 
cells (Fig. 4). 	The parasites invade mature cells around days 3-4 
post infection, when immature cells are scarce, but fail to thrive there. 
The parasitaemia forms a plateau at this time, then rises again as the 
host produces more reticulocytes. 	Peak parasitaemia of up to 50% is 
generally achieved on days 14 to 17, after which the parasitaemia falls 
steadily and becomes sub-patent after about one week. 
Lines A1 and A2 are both clones. 	Line A2 is a pyrimethamine re- 
sistant clone derived from isolate 17x by drug treatment, as described 
in Walliker, Carter and Morgan (1973)(designated line A by these authors). 
Lines A 3 and YM: These are both virulent lines. 	Line YM is a 
clone of a virulent line which arose suddenly from Isolate 17x after 
this isolate was removed from liquid nitrogen storage in New York in 
1972 (Yoeli et al., 1975; Walliker et al., 1976). 	The parasites in- 
vade immature erythrocytes initially, entering mature cells around day 
3 to 4. 	The parasites develop extensively in the mature cells and 
the mice usually die around day 7. 	This virulence is stable through 
mosquito transmission and blood passage. 	Line YM is pyrimethamine 
sensitive. Photographs of a YM infection 2 and 4 days after injection 
of parasitised blood are shown in Figure 4. 
FIGURE 3. 	P. yoelii lines 
P. yoelii yoelii 
	








Selection of Virulence 





Cloning 	 single oocyst 







P. yoelii parasites in immature and mature erythrocytes. 
Parasites line YM two days p.i. in immature erythrocytes. 
Stain - Giems&s and New Methylene Blue. 
Parasites line YM four days p.i. in mature erythrocytes. 





Line A3 arose spontaneously from Line A 1 during the course of this 
project and has not been cloned. 	Its infection pattern is similar to 
that of line YM and the parasites remained virulent through one mosquito 
passage, numerous blood passages and storage in liquid nitrogen. 
3.1.2. 	P.y. nigeriensis 
Lines D 1 and D2 : These lines were derived from Isolate N67, which 
was isolated from a thicket rat in Nigeria (Killick-Kendrick, 1973). 
Line D 1 was derived by blood and mosquito passage from the original 
isolate. 	Line 02  was derived from the infection of a mouse with a 
single mature oocyst (Fig. 3). 	Both lines infect immature cells 
initially, entering mature cells on day 3-4 and multiplying extensively 
there. 	Infected mice generally die around day 7. 
3.1.3. 	Clones derived from a cross between Lines A 2 and 
A genetic cross was made between P.y. yoelii line A 2 and 
nigeriensis line D 2 (Section 3.3.3)(Knowles, Sanderson and Walliker, 
1981). 	Cloned progeny from this cross were examined for enzyme vari- 
ation and drug resistance (Sections 2.3.3, 3.3.4). 	During this work, 
ten of these clones, denoted A/D59 - A/D70 (omitting 61 and 67) were 
examined for antigenic type (Section 11.2). 	The enzyme and drug 
resistance characteristics of these clones are given in Table 1. 
Clones A/D62, A/D66, A/D68 and A/D69 have the same markers for enzymes 
GPI, ADA and GDH and for pyrirnethamine resistance as the parental line 
A2 . 	The other six clones show recombination of the markers present in 
the parental lines. 
Another clone denoted A/044 was derived from a similar cross per-
formed on a different occasion and was used in fluorescence tests. 
3.1.4. 	Other species of Plasmodium 
4(i) Rodent malaria species 
Three other species of rodent malaria parasites, P. berghei, P. 
vinckei and P. chabaudi, were compared with P. yoelii. 	The origins 
of these species are detailed in Table II. 	All three species were 
capable of growth in mature erythrocytes and produced virulent infections. 
TABLE I. 
Characteristics of the parental lines and progeny of the cross 








A2 1 2 4 Resistant 
El 
N L 	D 2 1 2 Sensitive T 2 
S 
A/D 59 2 2 4 Resistant 
A/D 60 1 2 2 Resistant 
A/U 62 1 2 4 Resistant 
A/D 63 1 2 4 Sensitive 
A/U 64 1 2 4 Sensitive 
P 
R AID 65 1 1 4 Resistant 
0 
G A/D 66 1 2 4 Resistant 
E 
N A/D 68 1 2 4 Resistant 
Y 
A/D 69 1 2 4 Resistant 
- A/D 70 2 1 4 Resistant 
A/D 44 2 MD ND Resistant 
ND = Not done. 
TABLE II. 	The rodent malaria parasites and their origins. 
P. berghei 
P. vinckei petteri 
P. chabaudi chabaudi 













Yceli, Most & 
Bong, 1964. 
Carter & Walliker 
1975. 
Carter & Walliker 
1975. 
Central African 	Landau & Killick- 
Republic 	Kendrick, 1966. 
P. yoelii nigeriensis Isolate N67 	Nigeria 	Killick-Kendrick, 
1973. 
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4(u) Human malaria species 
Parasites of the human malaria species P. falciparum line K 1 were 
also compared with P. yoelii. 	Line K1 was isolated from the blood of 
an infected individual in Kanchanaburi, Thailand and grown there in 
culture by Dr S. Thaithong. 	The parasites used in this study were 
cultured by Dr D. Walliker in Edinburgh. 
3.1.5. Parasite synchrony 
The cycles of all lines of P. yoelii and P. berghei in the red blood 
cells were asynchronous; rings, trophozoites and schizonts being present 
at all times. 	P. vinckei line CR was slightly synchronous and P. 
chabaudi line. AS parasites produced synchronous infections with schizogony 
occurring around midnight. 	Mice infected with line AS were bled in the 
late afternoon when most of the parasites were at the trophozoite stage. 
3.2. 	Maintenance and storage of parasites 
3.2.1. 	Preservation and storage 
Parasites were preserved as stabilates in liquid nitrogen. 	Blood 
from an infected rodent was mixed with heparinised buffered salt 
solution at pH 8.0, containing 7.5% glycerol (Lumsden et al., 1965). 
This mixture was sealed in glass lymph capillaries and stored at -196 ° C 
in liquid nitrogen. 	Parasites remain viable for many years in this 
state (Strome et al., 1977) 
To infect mice from these stabilates,capillaries were removed from 
the nitrogen and thawed quickly by immersion in water at room temperature. 
The tubes were cut open, the infected blood diluted with cold citrate 
saline and injected intraperitoneally (i.p.) into mice. 	Infections in 
these mice became patent within three to seven days and were passaged 
at least once before being used in experiments. 
3.2.2. Passaging of lines 
Parasite lines were passaged once - or twice - weekly, depending on 
the virulence of the line. 	Drops of blood taken from the tail of an 
infected mouse were diluted in cold citrate saline (see Appendix) and 
injected i.p. into mice. 
Regular mosquito passages were carried out in order to maintain the 
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infectivity of P. yoelii and P. chabaudi to the invertebrate host, and 
to minimise the possible occurence of antigenic changes in the parasites. 
The method for mosquito transmission is based on that of Wary (1966). 
Briefly, for P. yoelii, mice were infected by i.p. injection of parasi-
tised blood. 	Three or four days later wet blood smears were examined 
for exflagellation of microgametocytes. 	When good exflagellation was 
observed, adult mosquitoes, which had been starved for the previous twenty- 
four hours, were allowed to feed on the mice. 	Ten days after feeding, 
the guts of a sample of mosquitoes were examined for mature oocysts. 
If these were present, the mosquitoes were fed, thirteen to fifteen days 
after their infection, on uninfected mice. 	Infections in these mice 
became patent within seven days. 	No more than twenty blood passages 
were carried out between mosquito transmissions. 
P. chabaudi was transmitted through mosquitoes using a similar 
method, except for the infection of the mosquitoes. 	P. chabaudi does 
not produce large numbers of gametocytes in mice but will do so in 
splenectomised young rats. 	White rats, aged 3 weeks were splenectomised 
and allowed to recover for a week before being infected i.v. with imi of 
highly infected mouse blood. 	Exflagellation was detected 4 days later 
in a wet blood smear, the mosquitoes fed and the same procedure followed 
as for P. yoelii infection (McLeod & Brown, 1976). 
No studies were made on mosquito-transmitted P. berghei or P. vinckei. 
These species were maintained by blood passage alone. 
3.2.3. Staining of blood smears 
3(1) Giemsa's stain 
Parasitaemias were estimated using methanol-fixed thin films of 
tail blood stained with 5-10% Giemsa stain (BDH) in buffered distilled 
water pH 7.2 for 45 minutes. 	Accurate counts of parasitaeniia were not 
required for most of this work and counts were made of the number of 
parasites in 1000 red blood cells. 
3(u) Giemsa's stain with New Methylene Blue 
A combination of Giemsa staining and New Methylene Blue (Raymond A. 
Lamb) staining was employed when counts of parasites in immature red 
blood cells were required (Fig. 4). 	Two drops of mouse tail blood were 
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mixed with l0i1 citrate saline combining 4% bovine serum albumin (BSA) 
and incubated with 15l of 1% New Methylene Blue in citrate saline for 
10 minutes at 37°C. Thin smears of incubated cells were fixed in 
methanol and stained with Giemsa's as above. 	The New Methylene Blue 
stained reticulocytes and the Giemsa's stained the parasites. 100-200 
parasitised cells were counted from each mouse. 
Estimates of the number of parasites in immature cells in antigen 
preparations for electrophoresis (Section 4.2.3) were made on 500 para-
sitised cells before the host cells were lysed. 
3.3. 	Genetic Techniques 
3.3.1. 	Cloning of blood forms 
Several of the parasite lines used in this study were derived from 
cloned stock. 	A clone is a population of organisms derived by 
asexual reproduction from a single organism; all parasites in a clone 
possess the same genotype. 	Cloning of parasites was carried out by 
Dr Graham Knowles and others in the Institute of Animal Genetics, 
University of Edinburgh, following the method of Walliker et al. (1973). 
3.3.2. 	Genetic crosses 
Parasite lines designated A/D were derived from a genetic cross 
between the sub-species P.y. yoelii line A2 and P.y. nigeriensis line 
02• 	This cross was performed by Dr G. Knowles and the procedure is 
described in Knowles etal.,(198l). 	Briefly, equal volumes of mouse 
blood containing mature gametocytes of the two parental lines, A 2 and 02, 
were mixed and injected into the tail vein of an uninfected mouse. 
Mosquitoes were allowed to feed immediately on this mouse. Fourteen 
days later these infected mosquitoes were fed on an uninfected mouse. 
The blood forms which developed were designated the progeny of the cross 
and were stored in capillaries in liquid nitrogen. 	Capillaries were 
thawed and injected into mice for subsequent work. 
Clones of the progeny were established by the dilution technique 
of Walliker et al. (1973). 	These clones were subjected to enzyme analysis 
and tests of pyrimethamine resistance (Sections 3.3.3, 3.3.4) to ascertain 
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which of them had undergone genetic recombination during the sexual 
cycle. 
3.3.3. 	Enzyme analysis 
Clones of parasites were examined for enzyme variation by Mr A. 
Sanderson and Dr G. Knowles. 	Three enzymes were studied: glucose 
phosphate isomerase (GPI) and glutamate dehydrogenase (GDH) following 
the method of Carter (1978) and adenosine deaminase (ADA) as described 
in Knowles et al. (1981). 
3.3.4. 	Drug tests 
The resistance of parasites of the A/D clones to the drug pyri-
methamine (Wellcome) was tested by Dr G. Knowles (Knowles et al., 1981). 
Infections were established by inoculating 10 6  parasites intraperi-
toneally into C57BL mice. 	Pyrimethamine was dissolved in 5% lactic 
acid and administered orally at a dose of 15mg/kg three hours after 
initiating the infection. 	Three similar doses were given on the 
following three days. 	This dose eradicated line D 2 but permitted line 
A2 to grow. 
4. 	Antigens 
4.1. 	Sporozoite antigens 
4.1.1. 	Preparations for immunisation 
Sporozoites for use as antigens were prepared separately from the 
salivary glands or gut oocysts of infected mosquitoes for some immuni-
sations. 	On other occasions sporozoites from the two areas were pooled. 
Sporozoites were harvested 13-16 days after mosquitoes were fed on in- 
fected blood. 	The salivary glands and/or guts of the insects were 
dissected out and placed in a small volume of Grace's Insect Tissue 
Culture Medium (GIBCO) on ice. 	Sporozoites were liberated from the 
glands and the oocysts by grinding in a glass homogeniser tube with 
teflon pestle. 	Large debris was spun out by centrifugation at 20g for 
thirty seconds. 
For immunisation of mice, preparations of sporozoites from the guts 
of the mosquitoes were treated separately from those taken from the 
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salivary glands. 	After suspension in Grace's medium sporozoites 
were irradiated with 120 greys (12,000 rads) in a Caesium-137 ir-
radiator (Precisa 2; Gravatom Industries, Gosport, Hants, England), 
the dose being delivered in 3.5 minutes. 	Sporozoites which had been 
irradiated did not cause patent infections when injected into the 
tail vein of mice. 
Uninfected mosquitoes were dissected similarly, and midgut and 
salivary gland material used for immunisation of control mice. 
For rabbit immunisation the dissected sporozoites from the two 
regions of the mosquito were pooled. 	These preparations were not 
irradiated since sporozoites do not cause patent infections in rabbits 
(Vincke & Lips, 1948; Fabiani & Orfila, 1958). 
4.1.2. 	Preparations for immunofluorescence. 
Sporozoites which were used as antigen in the fluorescence test 
with mouse sera were purified by column separation on Sephadex DE52 
(Mack et al., 1978). 	Approximately 150 mosquitoes were stunned by 
agitation in a glass tube and the thoraces of the insects separated 
from the abdomens. 	The thoraces and abdomens were ground in 199 
medium (GIBCO) in separate glass homogeniser tubes, and the homogenised 
preparations centrifuged at 20g for 30 seconds to pellet large mosquito 
debris. 	The supernatant,containing the sporozoites, was then passed 
through a 20m1 column of glass wool to remove more mosquito debris. 
The sporozoites were pelleted by centrifugation at 2800g for 15 
minutes, then incubated in 17.5% bovine serum albumin (BSA) for 30 
minutes at 4° C. 	They were then allowed to pass through a 10ml column 
of Sephadex DE52 (Whatman) equilibrated with column buffer pH 8.2 
(Appendix). 	The sporozoites, now substantially free of mosquito debris 
and bacterial contamination, were collected into a centrifuge tube, 
pelleted and resuspended in 199 medium. 	The number of sporozoites 
recovered by this procedure varied from one preparation to another and 
dilutions with TC199 medium were made so that at least 10 sporozoites 
were visible in each microscope field at a magnification of x200. 
5l drops of suspension were spotted onto glass slides and desic-
cated overnight with 'silica gel. 	After desiccation the slides were 
wrapped in tissue, packed with silica gel in airtight plastic bags and 
stored at -200C. 
Sporozoites used in the fluorescence assay to test rabbit serum 
were prepared by a more simple technique. 	The salivary glands of 
female mosquitoes were dissected out and homogenised as described in 
4.1.1. 	The sporozoites were suspended in Grace's medium at a dilution 
of 1-1.5 x 106 sporozoites/mi. 	51.l drops were placed in the wells of 
PTFE coated microscope slides (C.A. Hendley (Essex) Ltd.) and desiccated 
and stored as described above. 
4.2. 	Blood-form antigens 
4.2.1. 	Preparations for immunisation 
P. yoelii parasites of lines A 1 , D1 and YM were used to immunise 
rabbits. 	Parasites were grown in C57 Bi 	mice of both sexes. The 
mice were bled out, from the heart, on day 5 or 6 for lines D and YM 
and day 12 or 13 for line A 1 . 	Infected mouse blood was mixed with 
cold citrate saline in a ratio of one volume of blood to three volumes 
of citrate saline. 	The blood cells were pelletted by centrifugation 
at 40C at 800g for 5 minutes and washed twice in a large volume of 
cold mammalian Ringer's solution (Appendix). 	The washed cells were 
then subjected to lysis by saponin (Christophers & Fulton, 1939; Carter, 
1978). 	0.15% saponin in 0.85% NaCl was added to the pellet of cells, 
in a one to one ratio, and mixed well. 	This mixture was incubated 
at 370C in a shaking waterbath for twenty minutes. 	This process lysed 
the host red cells without lysing the parasites. The preparation was 
then suspended in a large volume of cold mammalian Ringer and centrifuged 
at 2800g for 10 minutes. 	Three similar washes were carried out. This 
procedure resulted in the formation of three layers. 	The lowest layer 
contained mainly unlysed host cells; the middle layer contained mainly 
free parasites and parasites surrounded by broken host cell membranes, 
and some white cells, while the top layer contained lysed host cells, 
some of which were infected with small ring stages. 	The middle fraction, 
which was a darker colour than the other two layers, was removed by 
pipette and used to immunise rabbits (see Section 5.2). 
Uninfected C57., blood was prepared in the same way and the mem-
branes remaining after saponin lysis used to immunise control rabbits. 
The antigens for one group of immunisations (Group II - Section 
5.2.2) were all produced on a single occasion and stored in liquid 
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nitrogen. 	Infected blood was prepared as above and the resulting 
parasite suspension diluted with an equal volume of phosphate buffered 
saline (PBS) pH 7.2. 	This preparation was mixed with buffered salt 
solution and glycerol, as described for whole blood in Section 3.2.1, 
and sealed in plastic test tubes for microlitre analysis with caps 
(Sarstedt). 
When antigen was required for immunisation the ampoules were 
removed from the liquid nitrogen and thawed in water at room temper-
ature. 	The ampoules were centrifuged at 2800g for 10 minutes at 4 °C, 
the supernatant removed and the pellet resuspended in an equal volume 
of 3.5% NaCl. 	This suspension was centrifuged as above and the 
pellet resuspended in PBS pH 7.2, twice. 	After being centrifuged 
once more the resulting pellet was resuspended in a suitable volume 
of PBS and injected into rabbits. 
4.2.2. 	Preparations for immunofluorescence 
Infected mice were bled between days 4 and 7 after infection, 
depending on the virulence of the parasites. 	The blood was washed 
three times in cold mammalian Ringer and the top half of the resulting 
pellet of cells, containing most of the parasites, removed by pipette. 
The cell pellet was diluted in mammalian Ringer to a concentration of 
0.5% (by volume) and a 20l drop of this solution placed in each of 
the wells of PTFE coated slides. 	These were desiccated and stored as 
described in Section 4.1.2. 
4.2.3. 	Preparations for inimunoelectrophoresis 
Infected mice were bled immediately before the peak of infection 
and the blood cells pelleted by centrifugation. 	The pellet of cells 
was resuspended in two volumes of cold mammalian Ringer and passed 
through a column of Whatman CF11 powdered cellulose to remove the 
white blood cells (Oski & Bowman, 1969; Richards & Williams, 1973). 
Approximately imi of packed cellulose was used per mouse and several 
column volumes, of Ringer were passed through the column before the 
blood cells. 	The cells were collected into centrifuge tubes and 
washed once in cold Ringer before being subjected to saponin lysis and 
further washing as described in Section 4.2.1. 
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After washing, a 5il sample of the brown layer containing the 
parasites was diluted in 5mls of cold Ringer containing a few drops 
of Giemsa's stain. 	The suspension was mixed well and incubated for 
five minutes, which allowed the parasites to take up some of the stain. 
Parasites could be clearly differentiated from the uninfected red cell 
ghosts when viewed at x320 magnification under phase contrast illumin-
ation. 	The number of parasites in the initial preparation was cal- 
culated from duplicate haeniocytometer counts. 
The 'brown layer' preparation was diluted to 2.5 x 10 parasites 
per ml in Ringer and placed in 5 or l0il aliquots in plastic tubes 
(Sarstedt). 	The tubes were individually labelled and stored at -70 0 C 
until used as antigen in imunoelectrophoresis. 
4.2.4. 	Preparations of parasites in immature red blood cells. 
Some experiments required antigen preparations to be made from 
parasites growing predominantly in immature red blood cells. 	To obtain 
them, reticulocytosis was induced in the mice using phenyihydrazine 
(Hodgson, Bradley and Telfer, 1972). 	1mg phenylhydrazine (Sigma) per 
mouse was administered intraperitoneally (i.p.) for 3 consecutive. days. The 
mice wereinfected with malaria blood stage parasites 3 days after the 
last dose of phenyihydrazine and the parasites harvested 3 days after 
infection. 	At this time the parasites occupied immature red blood 
cells, almost exclusively. 	Preparation of antigens for use in electro- 
phoresis from the infected blood was as described above. 
5. 	Antisera 
5.1. 	Sera raised against sporozoites 
5.1.1. 	Sera raised in mice 
(C57BL/10 x CBA) F 1 female mice were immunised with sporozoites of 
P. yoelii lines A 1 and D and with one AID clone designated A/D44. The 
antigen preparation is described in Section 4.1.1. 
Immunisation against P.y. yoelii line A 1 sporozoites was carried 
out on two occasions. 	The first group, designated M 1 -SA received two 
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intravenous injections of sporozoites at an interval of one week, 
and were bled out eight weeks after the second injection. Separate 
groups of mice were immunised with sporozoites from the salivary glands 
and from the guts of the mosquitoes. 	There were three mice in each 
group and the total number of sporozoites injected per mouse was 2 x 10  
in the case of salivary gland sporozoites and 1 x 1O 5 for gut 
sporozoites. 
The second group of mice immunised against line A l . and designated 
M -SA, received two intravenous injections at an interval of four 
weeks. 	Three mice were each injected with a total of 1.5 x 10 sali- 
vary gland sporozoites and five mice were each given a total of 2 x 10  
gut sporozoites. 	Sera were collected one week after the second 
injection. 
A group of mice immunised with sporozoites of line D 1 was desig-
nated M-SD. 	Each mouse received two intravenous injections at an 
interval of one week and was bled one week after the second injection. 
Five mice were each injected with a total of 7 x 10 4 salivary gland 
sporozoites and five others with individual totals of 2.5 x 10 5 gut 
sporozoi tes. 
A group of two mice, designated t4-SA/D were immunised with gut 
sporozoites of line A/D44, which is one of the cloned progeny of a 
cross between line A and line D . 	The mice each received two intra- 
venous injections of a total of 5.5 x 10 sporozoites at intervals of 
two weeks and were bled two weeks after the second injection. 
All mouse sera were stored in small aliquots at -20 °C. 
5.1.2. 	Sera raised in rabbits 
Rabbits were immunised with pooled sporozoites from the salivary 
glands and guts of mosquitoes infected with either line A 1 or line D.. 
Two Dark Chinchilla rabbits, aged eighteen months at the time of 
the first injection, were immunised against sporozoites of line Al. 
Two Himalayan rabbits aged thirteen and twentytwo months were immunised 
with sporozoites of line D 1 . 	The immunisation regime is given in 
Table III. 	Sub-cutaneous (s.c.) injections were administered in lml 
of Grace's Insect Tissue Culture Medium and intravenous (i.v.) in- 
jections in 0.5ml of the same medium. 	Bordetella pertus.sis adjuvant 
TABLE III. 	Procedures for Immunisation of Rabbits with Sporozoites. 
Week 
Antigens 
Line A1 sporozoites Line D 1 sporozoites 
0 3 x 
10 
	 sporozoites with 3.5 x 10 	 sporozoites with 
2 x 1O9 B. pertussis 2 x 10 	B. 	pertussis 
sub-cutaneous sub-cutaneous 
4 1.75 x 10 	 sporozoites with 1.5 x 10 	sporozoites with 
2 x 10 	B. 	pertussis 2 x 10 	B. pertussis 
sub-cutaneous sub-cutaneous. 
8 2 x 10 	 sporozoites 9 x 10 	 sporozoites 
intravenous intravenous 
10 1 x 
10 
	 sporozoites 5 x 10 	sporozoites 
intravenous intravenous 
12 Serum collected 	R-SA. 1 x 10 	sporozoites 
intravenous 
13 - Serum collected 	R-SD 
The number of sporozoites given refer to inocula for individual animals. 
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was obtained from Wellcome (Wellcome VC 1447-10). 
The blood was clotted overnight at 4 °C and the serum stored in 
aliquots at -70 °C. 
5.1.3. 	Control sera 
Antiserum against uninfected mosquito tissue was raised in female 
(C57BL/10 x CBA) F 1 mice, as a control for the mouse anti-sporozoite 
sera (Section 5.1.1), and designated M-V. 	The salivary glands and 
guts of uninfected female mosquitoes were dissected and irradiated as 
described in Section 4.1.1. 	There were two mice in each group. Each 
mouse received two Lv. injections, at an interval of four weeks, 
containing the preparation derived from the guts or salivary glands of 
a total of 60 mosquitoes. 	They were bled one week after the second 
injection and their sera frozen in aliquots at -20 °C. 
5.2. 	Sera raised against blood stage parasites 
5.2.1. 	Serum raised in mice 
Antiserum against blood form parasites of Line A1 was raised in 
C57BL mice. 	Thirty mice were each injected with 106  line A1 parasites 
i.p. during week 0. Thin blood smears were taken from all the mice 
two weeks later, stained with Giemsa's stain and examined to ensure 
that all the mice were infected. During week 4 each mouse was injected 
i.p. with i06 parasitised cells and during week 8 
another i.p. injection of 10 parasitised cells. 
blood film from each mouse was stained with Giemsa 
that no animal was carrying a patent parasitaemia. 
from the heart during week 9, the blood clotted at 
sera pooled and frozen at -20 °C in small aliquots. 
was designated M-A. 
ach animal received 
During week 9 a thin 
and checked to ensure 
The mice were bled 
40C overnight and the 
This pool of serum 
5.2.2. 	Sera raised in rabbits 
Several groups of rabbits were used to produce sera against parasites 
of lines Al , D 1 and YM. 	The methods of immunisation for each group 
varied slightly and will, be dealt with separately, as Groups I, II and III. 
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Group I - Two Himalayan rabbits,R 3 -A and R4-A,aged 21 and 12 
months respectively at the start of the procedure were immunised with 
parasites of line A 1 . 	Two White Rex rabbits,R2—D and R3-D,aged 20 
and 26 months respectively were immunised with parasites of line D 1 . 
The antigens were freshly prepared for each injection, as described 
in Section 4.2.1, and the parasites from five mice were used for each 
injection. 	The immunisation regime is given in Table IV. 
Group II - This group comprised fifteen White Rex rabbits, aged 
between 8 and 26 months at the start of the procedure. 	Six rabbits 
were immunised with parasites of line A 1 and six with line D 1 . 	The 
pooled sera from each group of 6 animals were designated R 1 -Aand R1 -D 
respectively. 	Three rabbits were immunised with control antigen, 
prepared from uninfected C57BL mice, and the pooled serum designated 
R-M. 
All the antigens used to immunise this group of rabbits were 
stored in liquid nitrogen (Section 4.2.1). 	Antigens prepared from 
the blood of 5 mice were used for each injection. 	The immunisation 
regime is given in Table IV. 
Group III - This group comprised 6 White Rex rabbits aged between 
8 and 20 months at the start of the procedure. 	Groups of three 
rabbits were immunised against lines A 1 and YM and the pooled sera de- 
signated R27A and R-YM respectively. 	The antigen was freshly prepared 
from the blood of 10 mice for each injection. 	The immunisation regime 
is given in Table IV. 
Serum samples of up to 20ml were collected from the ear. Rabbits 
which were to be bled out were anaesthetised with Sagatal (May & 
Baker) 0.3rnl/kg injected i.v. 	The thoracic cavity was opened and 
the blood drawn from the heart using sterile syringes and needles. 
The blood was allowed to clot in sterile plastic tubes (Falcon) over-
night at 4°C. 	Serum from each animal was stored, individually and as 
a pool with sera from similarly immunised animals, in aliquots at 
-70°C. 
TABLE IV. 	Procedures for Immunisation of Rabbits with Blood Form Parasites or Control Blood 
Week 
GROUP I 	 GROUP III 
R3-AR4-A,R2-D,R3-0 	R2-A,R-YM 
GROUP II 
R1 -AR 1 -D,R-M 
0 Antigen + 2 x l0 	B. pertussis, sub- Antigen + i01° B. pertussis emulsified in 
cutaneous 	(S.C.) Freunds Complete Adjuvant with Tween 80 
- sub-cutaneous 	(S.C.) 
3 Antigen + 2 x 10 	B. pertussis 	S.C. Antigen + 1010 B. pertussis 	S.C. 
6 Antigen intravenous (i.v.) Antigen 	S.C. 
7 II 	
II Test bleed 
8 R1 -A serum collected 
R1 -D, R-M antigen S.C. 
9 R2-A serum collected R1 -D, R-M serum collected. 
Antigen i.v. - other animals 
10 11 II - 
11-12 R3_ D, R-YM serum collected - 
R3-A, R4-A, R2-D test bleed - 
13 R3-A, R4-A, R2-D Antigen i.v. - 
14 R3-A, R4-A, R2-D serum collected. - 
TABLE V. 	Summary of Immunisations 
Serum Immunogen Line Raised in Detailed in 
Section 
R1 -A Blood stage para- A1 Rabbits (6) 5.2.2 
sites 
R2-A I, II II 	(3) 
R3-A U Rabbit I' 
- I, I, II II 
R1-D H D1 Rabbits (6) 
R2 -D 11 Rabbit 
0 
I'  3-D  
II It II II 
R-YM 'I YM Rabbits 	(3) 
R-M Mouse blood - If 	(3) 
R-SA Sporozoites A1 Rabbits 	(2) 5.1.2 
R-SD 'I D1 U (2) II 
M-A Blood stage para- A1 Mice (30) 5.2.1 
sites 
M1 -SA Sporozoites (6) 5.1.1 
M2-SA " 	 (8) I' 
M-SD Dl " 	 (10) 
H 
M-SA/D U A/D44 It (2) II 
M-V Mosquito tissue - " 	 (4) 5.1.3 
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6. 	Immunological Tests 
6.1. 	Indirect Fluorescence Assay (IFA) 
6.1.1. 	Fluorescent labelling of antiserum 
Fluorescent rabbit-antimouse antibody was prepared from rabbit 
antimouse serum previously prepared in the Department of Zoology, 
University of Edinburgh. 	The methods employed followed those in 
Hudson and Hay (1976). 	Briefly - immunoglobulins 
were partially purified by precipitation with saturated ammonium sul- 
phate,. twice. 	The ammonium sulphate was removed using a column of 
Sephadex G25 (Pharmacia) and the protein content of the resulting anti-
body preparation determined by spectrophotometric analysis. Purified 
fluorescein isothiocyanate (FITC)(George T. GLOW() in a concentration of 
25ig FITC/mg protein was incubated with the antibody preparation for 
three hours at 250 C. 	Unbound FITC was removed on a column of 
Sephadex G25. 	The fluorescein:protein ratio of the preparation was 
found by spectrophotometric analysis to be 3.0:1. 
The FITC-labelled antibodies were stored in 50i1 aliquots at -70 °C 
and used at a dilution of 1 in 10. 
Sheep antirabbit immunoglobulin (F/P ratio 4.25, lot K8543) was 
obtained from Wellcome Reagents and used at a dilution of 1 in 32. 
6.1.2. 	Procedure for IFA 
The antigen slides were removed from the freezer in their airtight 
polythene bags and allowed to reach room temperature before the bags 
were opened. 	The antigens were then rehydrated in PBS pH 7.2 for 15 
minutes. 
Dilutions of test and control sera were made in PBS pH 7.2 and 
20tl samples reacted with each antigen sample, in a damp atmosphere, 
for 20 minutes at room temperature. The slides were rinsed quickly 
in PBS then given two ten minute washes in clean PBS. 
Evans Blue dye (Sigma) was added to the labelled antibodies, at a 
final dilution of 1 in 10,000 as a counterstain (Goldman, 1968). 10111 
samples of the FITC antibodies were incubated with the antigen as above. 
The slides were washed as above and mounted under glass coverslips, in 
70% glycerol in PBS. 
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Negative controls of normal serum from the appropriate animal 
and conjugate controls, using PBS instead of test serum, were carried 
out in every experiment. 
6.1.3. 	Assessment of Results 
All the slides were read "blind" at x400 to xl000 magnification 
on a Vickers Photoplan microscope under blue (460-500nm) illumination. 
Two different methods of assessment were employed, depending on 
the form of the antigens. 	Slides of sporozoite antigen prepared by 
column separation (Section 4.1.2) held only three samples each. Three 
dilutions of each serum; 1 in 4, 1 in 40 and 1 in 400, of each serum 
were tested and the brightness of the fluorescence scored. 	A scoring 
system of 1 to 5 was employed to denote increasing brightness. 	A 
negative score denoted the very faint glow produced by normal serum. 
PTFE coated slides of blood antigens (Section 4.2.2) or dissected 
sporozoites (Section 4.1.2) were assessed by the last dilution showing 
positive fluorescence. 	Each twelve-well slide was tested with nine 
doubling dilutions of test serum, two dilutions of normal serum and 
one conjugate control. 
6.1.4. 	Absorption of rabbit sera with mouse antigens 
Rabbits which were immunised with the blood-stagemalarial antigen 
(Section 5.2.2) produced antibodies to mouse blood due to the presence 
of blood cell membranes in the immunising inoculum. 	To prevent high 
background fluorescence, the majority of these antibodies were absorbed 
out by the following method. 
The complement pathways in the sera were inactivated by heating 
at 560C for 30 minutes, before the absorption was carried out. 
Normal C57BL mice were bled into citrate saline. 	The spleens of 
the same mice were removed and passed through a spleen sieve, to separate 
the cells, into the same tubes as the blood. 	The blood/spleen cell 
mixture was centrifuged at 800g for 5 minutes, resuspended in Ringer, 
and centrifuged again. 	The pellet of washed cells was resuspended in 
a small volume of Ringer, transferred to 1.5ml plastic tubes (Sarstedt) 
and centrifuged for three minutes at 10,000g. 	The supernatant was re- 
moved and serum added in a ratio of 2 to 1, packed cells to serum. The 
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serum and cells were mixed well and incubated at 37 °C for one hour. 
After incubation the serum/cell mixture was centrifuged at 10,000g 
for 5 minutes. The supernatant was removed and mixed with fresh 
packed cells in a 1 to 1 ratio. 	This mixture was incubated overnight 
at 4°C then centrifuged for 5 minutes at 10,0009. 	The supernatant 
was removed and stored in 20ii1 aliquots at -70 °C until used in the lEA. 
One serum pool (R1 -A) with a particularly high reaction to mouse 
antigens required a further repetition of the whole method using a 
ratio of 3:1 packed cells:serum for the second two absorptions. 
6.2. 	Crossed Imrnunoelectrophoresis (CIE) 
6.2.1. 	General procedure 
The general procedure for the technique is given in Axelson,KrØ11 and 
Weeke (1973) and the buffer used throughout was Barbital-glycin/Tris 
pH 8.7 (see Appendix). 	The gels, constructed of 0.5% HGT-P Agarose 
(Miles) in the above buffer and containing 1% Triton x-100 (BDH) were 
moulded on 5 x 5 x 0.1cm glass slides (Rowi International) which had 
been precoated with a thin film of agarose and dried. 	Each complete 
gel was moulded from 3.3mls of agarose. 
The antigen well was cut with a plastic cutter of 0.4cm diameter. 
The antigens were solubilised in a final concentration of 4% Triton 
x-100 for 30 minutes at room temperature, centrifuged at 1500g for 5 
minutes to remove particulate material and 4 or 8iil  of the resulting 
supernatant dispensed into each well using an adjustable micropipette 
(Gilson). 
The wicks were 15cm long and consisted of 3 layers of Whatnian No. 
1 filter paper. 	Electrophoresis was carried out on LKB-Produktor AB 
electrophoresis tanks with platinum electrodes and a tap water cooling 
system. 	Four gels were run in parallel on each tank. 	The first 
dimension was run for 2 hours at 4V/cm-voltage was measured directly 
across the gels. 
After electrophoresis in the first dimension a 1cm strip of gel, 
containing the antigen, was retained on the plate and the remaining 
gel discarded. 	The test serum was added to tubes containing 2.3mls 
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agarose at 55 °C, mixed well and poured immediately onto the glass 
slides beside the remaining antigen strips. 	The antigens were 
electrophoresed into the antibody-containing gel at 2V/cm for 17-18 
hours. 
After electrophoresis in the second dimension the gels were 
covered with filter paper and several layers of absorbent tissue paper 
and pressed lightly (4g/cm2 ) for 10 minutes. 	After removal of the 
paper the pressed gels were washed in 250m1s of 0.85% sodium chloride 
for 15 minutes, twice, and in distilled water for 15 minutes. 	After 
washing the gels were dried to a thin clear film with a hair-drier. 
The dried gels, now firmly attached to the glass plates, were 
submerged in 0.1% Coomassie Brilliant Blue R stain (Sigma) for 30 
minutes (see Appendix). 	The stain was discarded and the gels de- 
stained (see Appendix) for 5 to 10 minutes, according to the intensity 
of the staining. 	The destain was discarded and the gels allowed to dry. 
6.2.2. 	Assessment of results and modifications of CIE 
The reaction of each antigen with its specific antibody under CIE 
caused the formation of an arc of precipitate in the gel. 	Direct 
comparison of the gels gave an indication of the numbers of antigens 
detected by each serum under given conditions. 	The electrophoretic 
mobility of individual antigens and the shape and intensity of their 
individual precipitated arcs allowed initial comparison of antigens 
between different preparations. 	However, similarity or variation could 
only be proved by the use of various modifications of the basic electra-
phoretic technique. 
Some quantitative assessment and statistical analysis was carried 
out on suitable gels. 
2(1.) 	Absorption of antigens in the gel 
The first dimension electrophoresis of some antigens was performed 
into agarose containing antiserum directed against another antigen 
preparation, with which the test antigen was to be compared (Fig. 5). 
The second dimension, containing antiserum to the test antigen, was run 
as normal. 	In this way, individual antigens common to both antigen 
preparations were precipitated in the first dimension. 	Arcs visible 
in the second dimension, therefore, were specific to the test antigen. 
+ 
anti-B serum anti-B serum. 
a 
+ 
FIGURE 5. 	Absorption of antigens in the first dimension. 
A theoretical example: 	Precipitates 1 and 2 occur in the first 
dimension of both gels and are common to antigens A and B. 
b) shows that precipitate 3 is caused by a cornon antigen (2) in-
sufficiently absorbed in the first dimension. 	The antigens which 
caused precipitates 4 and 5 are specific to antigen preparation A. 
Electrophoresis in both dimensions is from cathode to anode. 
Control gels, containing the same antiserum in the first and second 
dimension were performed to ensure that such arcs were not caused by 
an abundance of common antigen, too great to be absorbed completely 
in the first dimension. 
2(u) 	Preabsorption of sera 
Another method used to compare two antigen preparations was that 
of absorption of the sera prior to inclusion in the second dimension 
gel; the first dimension being run as normal. 	Serum raised against 
the test antigen was absorbed with an antigen against which a com-
parison was to be made. 
Serum was mixed with antigen, which had been prepared for electro-
phoresis but not solubilised, in a ratio of 1:1 or 2:1. 	The mixture 
was incubated for 30 minutes at 37 0C followed by an overnight incubation 
at 4°C. 	This mixture was spun at 3000g for 15 minutes to remove large 
particulate material and the supernatant included in the second dimen- 
sion gel. 	Precipitates which appeared in the gel indicated antigens 
specific to the preparation being tested, in comparison with the antigen 
used for absorption. 	The absorbing antigen was run, on a separate 
gel, against the absorbed antiserum to ensure that all the precipitating 
antibodies against that antigen preparation had been absorbed out. 
In absorption of serum pool R 1 -A, which had a particularly strong 
reaction against mouse red blood cells, extra normal mouse antigen was 
added to the absorbing D 1 antigen to reduce anti-mouse cell antibodies. 
2(iii) 	Tandem electrophoresis (Krd11, 1973) 
Tandem electrophoresis is a technique for comparing small numbers 
of antigens. 	A second antigen well was cut 2mm to the aodal side 
of the normal antigen well and an antigen sample dispensed into it. 
When the sample had diffused into the gel (20-30 minutes) the well was 
filled with liquid agarose, which was allowed to set. 	A second anti- 
gen, to be compared with the first, was dispensed into the well nearest 
thecattde and the first dimension electrophoresis carried out for 90 
minutes at 4V/cm. 	The second dimension was run as normal. 
Precipitates caused by antigens common to the two antigen prepar-
ations joined to form one line with 2 arcs or one shouldered arc, de-
pending partially on the electrophoretic mobility of the molecules 
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carrying the antigenic sites and on the spacing between the antigen 
wells (Fig. 6). 	Formation of a single spur between two arcs indicated 
a reaction of partial identity and a double spur indicated non-identity 
of the two antigens. 
2(i v) Antigen mixtures 
The identity of antigens between various antigen preparations was 
examined by mixing these antigens before loading them onto the gels. 
Identical antigens from the two preparations joinedto form a single 
precipitin arc and reactions of partial identity and non-identity, as 
described above, were also observed. 
2(v) 	Quantitative analysis 
Quantitative comparisons were made between the areas under certain 
arcs. 	These areas were calculated by computer-aided planimetry. 
6.2.3. 	Proteolytic degradation controls 
3(i) 	Addition of proteolytic inhibitors 
Two antigen preparations, of lines A 1 and D 1 , were prepared and 
tested in the presence of proteolytic inhibitors to ensure that 
variations observed in the antigens were not the result of proteolysis 
of the sample. 	The following method, adapted from Pringle (1975) and 
Bjerrum et al. (1975) was employed. 
Infected mice were bled and the white blood cells removed as des-
cribed in Section 4.2.3. 	The solution of parasitised blood was halved 
before saponin lysis and the preparation of one half was continued as 
previously described. 	The second half of the cells were lysed in the 
presence of 1mM phenylmethane sulphonyl fluoride (PMSF)(Signia) and 5mM 
ethylenediamine tetra acetic acid (EDTA)(BDH). 	After lysis this 
sample was washed in Ringer containing 5mM EDTA. PMSF and EDTA at 
the concentrations above were also included in the solution of Triton 
x-lOO used to solubilise the sample before electrophoresis. 
200 Kallikrein Inactivator Units (KIU) ml Aprotinin (Trasylol-
Bayer) were added to serum samples before inclusion in some second 












FIGURE 6. 	Comparison of two antigens by CIE. 
A theoretical example: Reactions of (a) identity - a shouldered arc. 
(b) partial identity - a single spur, (c) non-identity - a double 
spur. 	Electrophoresis in both dimensions is from cathode to anode. 
These profiles are applicable to all the types of CIE described. 
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3(u) 	Incubation of antigens with reticulocyte lysate 
Reticulocytosis was induced in C57BL mice by injection of phenyl-
hydrazine as previously described (Section 4.2.4). 	The mice were bled 
4 days after the last injection and the white cells removed as des-
cribed. 	The cells were washed in Ringer and pelleted by centrifugation. 
The pellet was resuspended in two volumes of 5mM phosphate pH 7.2 and 
incubated at 370C for 30 minutes. 	The resulting lysate was incubated 
immediately with parasite antigens for 30 or 60 minutes at 37 0C in 
the presence of 4% Triton x-100 or before solubilisation. Incubation 
of samples without the addition of lysate was carried out simultaneously 
as control against heat denaturation of the antigens. 
6.3. 	Methods for Preliminary Characterisation of Antigens 
6.3.1. 	Preparation of serum antigens of P. yoelii 
Blood was collected from C57B1 mice infected with line A 1 on day 
5 post infection and line D on day 4. 	The blood was allowed to clot 
for 2 hours at 37 0C and the serum carefully removed, aliquot ed into 
Sarstedt tubes and frozen at -70 °C. 
Serum was similarly collected from uninfected mice with phenyl-
hydrazine-induced anaemia on day 6 after the first injection of phenyl-
hydrazine. 
Undiluted serum was mixed with an equal volume of gel buffer and 
%l samples of the dilution used as antigen in CIE. 
6.3.2. 	Absorption of R-YM serum with whole parasitised cells. 
A sample of R-YM serum was complement inactivated by heating to 
56°C for 30 minutes. 
Parasitised cells were harvested from C57B1 mice infected four 
days previously with line D2 and uninfected cells were harvested from 
age-matched C57B1 mice. 	The blood was collected, washed and the 
white blood cells removed as previously described. 	The parasitised 
blood was centrifuged at 800g for five minutes and the fraction con-
taming the majority of parasites removed, aliquoted into Sarstedt 
tubes and centrifuged at 10,000g for a further five minutes. Uninfected 
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blood was similarly aliquoted. 
Equal volumes of serum were added to the same volume of packed 
cells, mixed well and incubated for one hour at 37°C. 	The mixture 
was centrifuged at 10,000g for five minutes and the supernatant ab- 
sorbed again as above. 	After centrifugation the serum was added to 
a double volume of packed cells and incubated at 4 °C overnight. The 
resulting absorbed sera were separated from the cells by centrifugation 
as above, aliquoted and stored at -70 ° C. 
6.3.3. 	Investigation of the heat stability of antigens 
This work followed that of Wilson et al. (1969). 	Samples were 
solubilised in Triton x-lOO as previously described, aliquoted into 
Sarstedt tubes and suspended in a water bath either at 56 0C for thirty 
minutes or at 100 0C for five minutes. 	The heated antigens were cen- 




7. 	Studies of sporozoite antigens using the Indirect Fluorescence 
Assay (IFA) 
Several aspects of the antigenic character of sporozoites were 
examined using the IFA with antisera raised against sporozoites in 
mice. 	Comparisons were made between sporozoites isolated from the 
oocysts and salivary glands of the same mosquitoes, between sporozoites 
of two subspecies of P. yoelii, and between these and sporozoites of 
P. chabaudi. 	Sporozoites of a single clone isolated from a cross bet- 
ween the two P. yoelii sub-species were compared with those of the 
parental lines. 
Groups of mice were immunised against either oocyst or salivary 
glandsporozoites of P. yoelii and the sera designated M 1 -SA, M2-SA, 
M-SD and M-SA/D (Section 5.1.1). All the sera reacted strongly 
against P. yoelii sporozoites at a dilution of 1 in 4. Those sera 
which reacted well with the homologous antigen were used in further 
experiments. 
All the antigens were prepared by column purification (Section 
4.1.2). 
7.1. 	Control tests 
Controls were included in every experiment. 	Shadowy images of 
the sporozoites were visible when antigen preparations were tested with 
normal mouse serum at a dilution of 1 in 4 and this was regarded as a 
negative result. 	Sera raised in mice against uninfected mosquito sali- 
vary gland or gut preparations also gave negative results at a dilution 
of 1 in 4. 	Samples incubated with PBS, as a control for non-specific 
binding of the conjugated antibody gave consistently negative results. 
Fluorescence was scored on a scale of 1 to 5 according to increasing 
brightness. 
7.2. 	A comparison of salivary gland and oocyst sporozoites of P.yoelii 
Figure 7 a, b shows the results of an experiment designed to corn-
pare the antigens of sporozoites from the salivary glands with those 
from the oocysts of the same mosquitoes. 	The results indicate that 
neither the sera raised against salivary gland sporozoites nor those 
raised against oocyst sporozoites, of line A 1 or line D1 , distinguished 
FIGURE 7. 
A comparison of sporozoites, from the salivary glands and 
from oocysts, of P. yoelii line A 1 and line D 1 using IFA. 
Antigen-line A 1 , antisera - M 1 -SA and M2-SA. - 
Antigen-line D 1 , antisera - M-SD. 
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between sporozoites from the two sites in the mosquito. 
In all further experiments, unless otherwise stated, the results 
obtained with sera raised against salivary gland or oocyst sporozoites 
of each line have been pooled. 	Results for antigens from the two 
regions of the mosquito have also been pooled. 
7.3. 	A comparison of P.y. yoelii and P.y. nigeriensis sporozoites 
A comparison was made between sporozoites of the two sub-species, 
P.y. yoelii line Al  and P.y. nigeriensis line D.. 
 The results, given 
in Figure 8 a, b show that there is a high degree of cross-reactivity 
between sporozoites of the two sub-species. However, they also indi-
cate that sera raised against either of the lines react more strongly 
with a homologous antigen than with a heterologous one. This can be 
seen at both serum dilutions, although it is more obvious at 1 in 40. 
7.4. 	A comparison of the sporozoites of clone A/D44 with those of 
line A1 and line D 1 . 
The sporozoite antigens of clone A/D44, one of the recombinant 
progeny of a cross between P.y. yoelii and P.y. nigeriensis, were com-
pared with those of line A l  and line D 1 . 	The sera were raised against 
oocyst sporozoites and the sporozoite antigens used in the IFA were pre-
pared from infected mosquito guts. 
The results given in Table VI, although only duplicates, indicate 
that all three sera were able to differentiate between P.y. yoelii line 
A1 and P.y. nigeriensis line D 1 . 	Clone A/D44 reacted in a fashion more 
similar to line D i than line A
1 with all the sera tested, including its 
homologous serum. 
7.5. 	A comparison of P.yoelii and P. chabaudi sporozoites 
A comparison was made between sporozoites Of P. yoelii and another 
plasmodial species: P. chabaudi line AS. The results are given in 
Figure 8. 	None of the sera raised against P. yoelii line A 1 or line D. 
gave positive fluorescence at a serum dilution of 1 in 40, indicating 
that cross-reactivity between the sporozoite antigens of the two 
species is very low. 	Very weak reactions (score 1) were obtained in 
2 of 4 trials with P. chabaudi when tested with serum against line A 1 at 
a dilution of 1 in 4. 
FIGURE 8. 
A comparison of sporozoites of P.y. yoelii line A 1 , P.Y. 
nigeriensis line D i and P.c. chabaudi line AS using lEA. 	Sera 
raised against sporozoites of line A 1 were from groups M1 -SA 




























TABLE VI. 	A comparison of the sporozoite antigens of clone AID 44 
with those of the lines A1 and D 1 , using VA. 
The antisera were raised against, and the antigens pre-
pared from,00cyst sporozoites. 	Each pair of figures is the result 
of 2 trials. 	The sera are from groups M 1 -SA, M-SD and M-SA/D. 
Homologous reactions are boxed. RCY es 
Antiserum raised against 
A/D44 	 A1 	 D1 
Antigen 	1 in 40 	1 in 400 	1 in 40 1 in 400 	1 in 40 	1 in 400 
LineAID44 1 4,5 	1,2 	neg.2 	neg.neg. 	3,4 	1,2 
Line A 1 1 3,4 	neg.neg. 1 3,4 	neg.2 	1 12 	neg.neg. 
Line D1 	4,4 	2,3 	1,2 	neg.neg. 	3,3 	neg.neg 
34. 
7.6. 	Summary 
Studies ofsporozoite antigens using the lEA showed that cross-
reactivity within the species P. yoelii was very high but indicated 
that there was some difference between P.y. yoelii line A 1 and P.y, 
nigeriensis line D 1 . 	Sporozoites of the recombinant clone A/D44 re- 
acted similarly to those of line D 1 . 
Sporozoites isolated from the two regions of the mosquito, i.e. 
salivary glands and guts were indistinguishable in each of the two 
lines tested. 	Cross-reactivity between the species P. yoelii and P. 
chabaudi was not detected using sera which gave strong reactions, at 
the same dilution against homologous antigen. 
35. 
8. 	Studies of Blood Form Antigens using the Indirect Fluorescence 
Assay (lEA) 
Antigens of blood forms of P. yoelii lines Al. D 1 and A/D44 were 
compared by IFA using sera raised in rabbits and immune mouse serum. 
A comparison was also made between P. yoelii blood forms and those of 
three other species of rodent malaria parasites. 
8.1. 	A comparison of the blood stage antigens of P. yoelii line A 1 , 
line Di and line A/D44. 
Four sera were employed to compare the antigens of the blood stages 
of P.y. yoelii line Al, line D and one of the cloned progeny of a cross 
between the two sub-species: line A/D44. 	Three of the sera, R1 -A, 
R1 -D and R-YM were raised in rabbits against line A 1 , line D 1 and line 
YM respectively (Section 5.1.2). 	All the rabbit sera were absorbed 
with C57BL mouse cells (Section 5.1.4) to reduce their anti-host cell 
activity. 	The fourth serum pool was raised in mice against line Al. 
Nine doubling dilutions, from 1 in 100 to 1 in 25600, of each 
serum were tested against each antigen. 	The end-point, or last dilution 
showing positive fluorescence was recorded in each case and the results 
are shown in Figure 9. 	In some reactions the fluorescence at the last 
dilution tested, i.e. 1 in 25600 was still very bright, indicating that 
the end-point had not been reached. 	These reactions are recorded as +. 
Figure 9 shows that cross-reaction of blood form antigens within 
the species P. yoelii is very high. 	None of the sera distinguished 
line A1 from line D, or line A/D44 from the other two lines. 
8.2. 	A comparison of P. yoelii with P. berghei, P. vinckei and 
P. chabaudi blood stage antigens. 
The blood stage antigens of P. yoelii were compared with those 
of three other species: P. berghei line NK65, P. vinckei petteri line CR 
and P. chabaudi chabaudi line AS, using the sera detailed above. 
The results (Fig. 10) show that cross -reactivity among the species 
is very high. 	The three rabbit sera reacted similarly with all three 
species. 	The results with serum M-A however indicate that P. yoelii 
and P. berghei are more similar to each other than to either of P. 
vinckei or P. chabaudi. 
FIGURE 9. 
A comparison of the blood forms of P.y. yoelii line A 1 
nigeriensis line D 1 and clone AID 44, using lEA. Antisera 
raised against P. yoelii blood forms. 	Figures on the dilution 
axis are reciprocals of the actual dilution x 10 2 , i.e. 64 
represents 1 in 6400. 	The column marked + indicates bright 
fluorescence at 1 in 25600. 
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FIGURE 10. 
A comparison of the blood forms of P. yoelii line A l . 
P. berghei line NK65, P. vinckei line CR and P. chabaudi line 
AS. 	Antisera raised against blood forms of P. yoelii. 
Figures on the dilution axis are reciprocals of the actual 
dilution x 10- 2. 	The column marked + indicates bright 
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8.3. 	Surnary 
Cross-reactivity of blood stage antigens, both within and between 
species, was very high when tested with 3 pools of rabbit antiserum 
raised against 3 lines of P. yoelii. 	P. yoelii, P. berghei, P. vinckei 
and P. chabaudi were indistinguishable with all three sera. 	A pooled 
serum raised in mice against line A 1 , did not distinguish P. yoelii from 
P. berghei but reacted more strongly with these two species than with 
P. vinckei or P. chabaudi. 
37. 
9. 	Studies of blood form antigens by crossed imunoelectrophoresis 
(C.I.E.) 	I: A comparative study of P.y. yoelii and L.L. 
nigeriensis. 
Antigens of P.y. yoelii line A 1 and P.y. nigeriensis line D were 
compared by crossed immunoelectrophoresis (C.I.E.) using sera raised in 
rabbits against lines A 1 , D 1 and YM, and using pooled serum from mice 
immune to line A 1 . 
9.1. 	A comparison of P.y. yoelii and P.y. nigeriensis using C.I.E. 
The immune mouse serum (M-A) formed two and three arcs with antigens 
of line A 1 and D 1 respectively. 	Most of the arcs were indistinct and 
no further electrophoretic studies were carried out using this serum. 
The rabbit sera formed six to twelve arcs, of varying clarity and 
reproducibility, with antigens of lines A 1 and D 1 (Table VII, Fig. 11). 
Most of the rabbits reacted strongly to antigens of mouse erythrocytes, 
which contaminated the immunising innoculum, and up to five of the arcs 
on each gel may be caused by host erythrocyte antigen. 	One serum pool 
(R2-A), which formed five arcs with uninfected erythrocytes from 
phenylhydrazine-treated micewas partially absorbed with blood and 
spleen cells from uninfected C57BL mice (Section 6.1.4). 	After ab- 
sorption the number of arcs observed with parasite antigen was reduced 
but two faint arcs were still formed with control antigen (Table VII). 
The height and profiles of three arcs (arrowed on trace, Fig. 11 b,f) 
formed by line A 1 antigen changed in relation to the other arcs after 
the serum had been absorbed, indicating that antibody directed against 
the antigens causing these arcs had been partially absorbed. 	It is 
important to take into account.., the heights of all the arcs present 
when comparing results with absorbed and unabsorbed sera as some 
dilution of the serum may take place during absorption. 
Each of the sera tested showed strong cross-reactivity between 
antigens of parasites of the two sub-species but no clear and reprod-
ucible qualitative antigenic difference was detected. 	As the results 
indicated that most of the antigens detected by this technique were 
common to both line A 1 and line D 1 absorption experiments were carried 
out in an attempt to remove arcs caused by these common antigens and 
to reveal specific arcs which might be obscured by them. 
TABLE VII. 	Crossed immunoelectrophoresis of line A 1 and line D 1 . 
The figures represent the number of arcs formed by each 
antigen-antiserum combination. 	Serum R2-Aabs is serum R 2-A absorbed 
with C57BL blood and spleen cells. 	Details of sera are presented in 
Table V. 
Antigens were prepared from 5 x 1O6 parasites of lines A 1 
or D 1 or lO uninfected cells from phenyihydrazine-treated mice. 
50.l of R1 -A or R-YM, lOOiil of R2-A or R2-Aabs or 1 5Oil of R 1 -D were 
included in the second dimension gel. 	2.5 x 106  parasites of lines 
A1 or D1 or 5 x 106  uninfected cells from phenyihydrazine-treated 
mice were tested against 150il R-M. 
FIGURE 11. 
Crossed immunoelectrophoresis of line A . 	A-D, F 5 x 
10 parasites of line A, tested against 5Oiil R,-A, lOOiil R 2-A, 
I 	 7 
50i,il R-YM, 150111 R 1 -D and il R2-A abs respectively. 	E. 10 
cells from phenyihydrazine-treated C57BL mice tested against 












9.2. 	A comparison of P.y. yoelii and P.y. nigeriensis by absorption 
of antigens during electrophoresis in the first dimension of C.I.E. 
In an attempt to absorb out antigens common to both P.y. yoelii 
line A 1 and P.y. nigeriensis line D 1 antiserum raised against one sub-
species was included in the agarose used to mould the first dimension 
gel and antigen of the other sub-species was run into it, as described 
in Section 6.2.2.(i). 	Figure 12 A-C shows the results of an attempt 
to detect antigens specific to line A l 
 by absorbing common antigens from 
a preparation of line A 1 by electrophoresing it in the first dimension 
through serum raised against line D.. 	The gel shown in Figure 12A is 
effectively the experimental gel and those in B-E are controls against 
insufficient absorption of common antigens and confusion of mouse erythro-
cyte antigens with parasite antigens. 	The four arcs present in Figure 
12A were numbered i-iv (on the tracing). By considering in Figure 
12B-E the shape and intensity of each arc and its position relative to 
the precipitate in the first dimension it is possible to distinguish 
whether each of the arcs in Figure 12A is of parasite or host cell 
origin. 
Figure 128 shows that antigen ii is common to line A 1 and line 
but is present in too large an amount to be absorbed by the serum in 
the first dimension. 	This is also suggested in Figure 12A by the 
fact that precipitate ii joins the tip of the first dimension precipitate. 
Figure 12C shows that arcs ii and iii are of host cell origin. Figure 
12D shows that arcs i and iv are also of host cell origin and are 
possibly present in larger amounts in immature blood cells than in 
mature ones. 	This is suggested by the fact that antiserum raised 
against line D 1 , which grows mainly in mature cells, does not absorb 
these antigens well and does not detect them in the second dimension 
of the gel shown in Figure 12B. 	Figure 12E shows that antigens i-iv 
are common to the line A 1 antigen preparation and to the phenyihydrazine-
-treated uninfected mouse blood. 	One extra arc, labelled v, which was 
small and faint, was also detected in this mixture. 	It is probable 
that this antigen is also of host origin but is not present in a large 
enough quantity to be detected in other gels. 	A less likely explan- 
ation for its appearance would be that it is present in the gel shown 
in Figure 12A but is obscured by arc iv, which is very strong. 	If 
this latter theory is true then antigen v must be specific to line A1 
FIGURE 28. 
Line A2 and five cloned progeny from the A/D cross - all 
of which inhabit immature cells. 
A) line A2 	B) A/D 60 	C) A/D 62 	D) AID 63 	E) AID 66 
F) A/D 69. 10 parasites tested against 5i1 R-YM. 
Ag-i is in the Forward position in all cases except A/D 63. 
Ag-i is Low in all cases. 
The arcs formed by each of the A/D clones were examined for the 
four characters; H, L, F and B (Figs. 28,29). All possible combin-
ations of these four characters were found among the 10 clones, H and 
L being mutually exclusive and F and B likewise. A summary diagram 
is presented in Figure 31. 
An intermediate between F and B could be formed by mixing antigen 
from an F clone with a B clone before electrophoresis. 	In this arti- 
ficial intermediate the base of arc 1 widened to cover the area occupied 
by the Forward and the Backward arc and the arms of the arc enclosed 
arc 2 but did not touch it at either side (Fig. 30A,B). 	A mixture of 
two F clones produced a normal F profile and two B clones the normal 
B profile (Fig. 30C,D). 	All of the ten cloned A/D progeny conformed 
to the F and B pattern and no arcs resembling the artificial intermediate 
were observed. 
11.4. 	Recombination of antigenic characters with drug resistance and 
enzyme markers 
Table XII shows the antigenic markers of the two parental lines and 
the ten progeny clones along with their pyrimethamine resistance and en-
zyme markers. 	Recombination was observed between each of the antigenic 
markers, i.e. area and mobility, and the drug resistance marker and each 
of the enzyme markers. 	Six of the clones were recombinants and the 
other four showed the markers for parental line A 2 , as judged by drug 
and enzyme markers. 	The antigenic markers revealed that clone A/D 68, 
thought on the basis of the other characters to be of the parental type, 
had in fact, undergone recombination. 
11.5. 	Summary 
Ten progeny clones from a cross of lines A 2 and 02  were examined. 
Five clones grew well only in reticulocytes and were designated 'mild' 
and five clones infected mature cells extensively and were designated 
'virulent'. In virulent clones significantly more antigen-1 was de- 
tected than in the mild clones. 	The electrophoretic mobility of antigen- 
1 recombined with the virulence, as shown by the amount of antigen-1 
present. 	Recombination was also observed between each of the antigenic 
characters and the drug resistance and enzyme markers. 
TABLE XI. 	Antigens of the A/D cross. 
Clone 
Day p.i. 	blood 
collected 
% parasites in 
immature mature RBCs 
A2 9 >99 <1 
D2 6 <1 >99 
A/D 59 5 <1 >99 
A/D 60 10 >99 <1 
A/D 62 9 >99 <1 
A/D 63 9 >99 <1 
A/D64 4 6 94 
A/D 65 5 <1 >99 
A/D 66 10 >99 <1 
A/D 68 4 <1 >99 
A/D 69 10 >99 <1 
A/D 70 5 <1 >99 
Antigens of the A/D cross. 	The figures given for the percentage 
of parasites in immature and mature cells were taken from the 
pooled blood of 8 mice after removal of white blood cells and 
before saponin lysis. 
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11.2. 	A study of antigens 1 and 2 in the progeny of the cross 
Antigens of the two parental lines and the 10 progeny clones were 
prepared and the percentage of infected cells which were immature 
counted (Table XI). 	The mice were bled at around 15-20% parasitaemia. 
Figures 28, 29 show the results of testing each of these clones against 
R-YM antiserum. 
All the clones showed the two strong arcs resembling antigens-1 
and-2 of the parent lines. Mixtures of several cloned progeny with 
the parental antigen were performed before electrophoresis to ensure 
that the two arcs in the progeny were caused by the same antigens as 
those in the parent. This proved to be the case (Fig. 30). 
The five 'virulent' clones, i.e. those growing well in mature 
cells, all produced a much larger arc 1 than arc 2, giving a profile 
similar to line D 2 . 	This tall arc 1 was designated 'High' (H). 	In 
each of the 'mild' clones, growing in immature cells, the areas of 
arcs 1 and 2 were very similar, as in line A2 , and this type of arc 1 
was designated 'Low' (L). 
A student's t-test was carried out to test the difference in the 
mean areas under arc 1 between the 'mild' and the 'virulent' lines. 
The mild AID clones were used as replicates of the A 2 line and the 
virulent A/D clones as replicates of the D 2 line. 	The value of t was 
2.3077, which is significant at p = 0.05. 	This supports previous re- 
suits that parasites growing in mature cells contain more of antigen-1 
than those in immature cells (Section 10.1.3, 10.1.4). 
11.3. 	Recombination of antigenic characters 
As already described in Section 10, arc 1 could be distinguished 
by two characteristics - area and electrophoretic mobility. The area 
of arc 1 varies between the lines and two types are recognised, desig-
nated here H and L. H is characteristic of parasites in mature cells 
(line D 
2  ) and L of parasites in immature cells (line A 2 )(see Fig. 16). 
The second characteristic is that of the mobility of arc 1 relative 
to arc 2. 	When arc 1 electrophoreses further than arc 2 it is desig- 
nated F and is characteristic of the P.y. yoelii lines. 	When arc 1 
electrophoreses less for than arc 2 it is designated B and is character-
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FIGURE 27. 
A/D clones and parental 	lines - percentage of parasites in 
mature erythrocytes irrespective of parasitaemia. 
Virulent lines Mild lines 
line D2 0 line A2 . 
clones A/D 59 a clones A/D 60 	a 
A/D64 • A/D62 • 
A/D 65 o A/D63 o 
A/D68 v A/D 66 
A/D70 v A/D69 v 
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FIGURE 26. 
Percentage parasitaemias of A/D clones and parental lines. 
Virulent lines - means of groups of 3 mice. 
line D 2 	 S 
clones A/D 59 0 
A/D 64 U 
A/D65 0 
A/D 68 V 
A/D 70 V 
+
indicates the death of one mouse. 	Two mice of each of 
groups A/D 64, 65, 68 died on day 7. 
Mild lines - mean and range of means of line A 2 and clones A/D 
60, 62, 63, 66, 69. 
11. 	A genetic study of antigens in a cross between Py. yoelii 	line 
and P.X. niceriensis line 02 
A genetic cross between P.y. yoelii line A2 and Py. nigeriensis 
line 02  was performed by Knowles et al. (1981). 	The progeny of this 
cross were cloned and ten clones, designated A/D59-70 (omitting 61 and 
67) were typed for three enzymes; GPI, ADA and GDH, and for resistance 
to the drug Pyrimethamine (Section 3.3.3, 4). 	These clones were used 
to investigate the inheritance of the characteristics of antigens-1 and-2. 
11.1. 	Patterns of infection of the progeny of the cross 
All ten progeny clones and the two parental lines, which were trans-
mitted through different cages of mosquitoes at the same time as the 
cross, were injected into groups of three mice and the parasitaemias 
followed at intervals. 	The percentage infection of immature cells was 
also counted using New Methylene Blue and Giemsa stain. 
The parasite lines were classified into 2 groups - mild and 
virulent - according to their infection patterns. 'Mild'lines grew well 
only in immature cells, although they invaded mature cells briefly 
around day 4 post infection with 10 blood stage parasites per mouse. 
Parasitaemias remained below 10% for the first week of infection. 
'Virulent' lines grew well in mature cells, reaching parasitaemias of 
20% or more in the first week post infection with 10   blood stage 
parasites and often killing the hosts during this time. 
Figure 26 shows graphs of the mean parasitaemias for each group of 
mice. 	All the mice infected with virulent lines died by day 21. 
The three mice infected with line A/D63 died on days 18 and 19 post 
infection although this line was classed as 'mild' due to its low 
parasitaemia over the first week and its inability to thrive in mature 
cells. 	No other mice infected with 'mild' lines died during the 30 
days of the study. 
Figure 27 shows the percentage of parasites present in mature and 
immature cells, irrespective of total parasitaemia, on days 3, 4 and 6 
p.i. and on day 9 for mild lines. Although there are large variations 
between the lines,the different patterns of infection of the 'mild' and 
'virulent' groups can be clearly seen. 
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of R-YM serum with whole parasitised cells was found to have no effect 
on the amount of Ag-1 and Ag-2 detected. 
10.4.3. 	The heat stability of Ag-1 and Ag-2 
The heat stability of Ag-i and Ag-2 in line 02  was investigated 
by the method of Wilson et al. (1969). 	Both antigens were found to 
share the heat stability characteristics of the R-antigens of P. 
falciparum being stable at 56 0C for 30 rn mutes but destroyed at 100°C 






FIGURE 24. 	 - 
The influence of proteolytic degradation on antigens of 
line Al. 
1O 7 parasites line A1 inh* 
107  parasites line A l 
 tested against 5il R-YM. 
* antigen prepared in the presence of proteolytic inhibitors 
(Section 6.2.3i). 
FIGURE 25. 
Crossed immunoelectrophoresis of serum antigens. 
21 line A1 serum antigen tested against 5011 R 1 -A. 
21 serum antigen from phenyihydrazine-treated uninfected 
mice tested against 50il R 1 -A. 
2il line D. serum antigen tested against lOOiil R 1 -A. 
2il line D1 serum antigen + 2il serum antigen from phenyl-
hydrazine-treated uninfected mice tested against lOOpl 
R1 -A. 
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10.3.2. 	Incubation of antigens with reticulocyte lysate 
Antigens of lines A 2 , .D 2 and YM were incubated with an equal 
volume of reticulocyte lysate (Section 6.2.3, ii) for up to 60 minutes 
at 37°C to investigate the effect of reticulocyte enzymes present in 
a higher concentration during the preparation of line A2 , on antigens-1 
and -2. 	No difference was detected in the quantity or mobility of 
either antigen in any of the three lines after this incubation. 
10.4. 	Preliminary experiments on characterisation of Antigen-1 and 
Antigen-2 
10.4.1. 	Detection of Ag-i and Ag-2 in the serum of infected mice. 
Serum was collected from infected mice and from uninfected mice 
with phenyihydrazine-induced anaemia and tested using C.I.E. 	Serum 
antigens of lines A 1 and D1 were tested against antisera R1 -A and R1 -D. 
Serum R1 -A detected four serum antigens from uninfected mice (Fig. 256). - 
Two parasite-induced antigens were also detected in line D 1 (Fig. 25C,D) 
and one in line A1 (Fig. 25A) by both sera employed. 	The mobility and 
the profiles of the arcs caused by the two antigens detected in line D
i 
suggest that they are almost certainly Ag-i and Ag-2 as previously des-
cribed. 	The antigen detected in line A 1 could be either Ag-i or Ag-2. 
10.4.2. 	Absence of Ag-i and Ag-2 from the surface of infected 
erythrocytes 
In order to determine whether Ag-i and Ag-2 were exposed on the 
surface of infected mouse erythrocytes, complement inactivated R-YM 
serum was extensively absorbed with washed parasitised erythrocytes 
from C57BL mice infected with line D 2 . 	The parasites were harvested 
on day 4 which is before high levels of antibody in the infected mice 
might be expected to block antigenic sites on the parasitised cell. 
An identical serum sample was absorbed with similar amounts of 
normal C57BL erythrocytes to allow for absorption of antibody by normal 
red cell antigens and for the dilution of the serum consequent on the 
addition of several large aliquots of cells and their surrounding medium. 
Parasites of lines A2 , YM and D2 were electrophoresed against the 
absorbed sera and the resulting C.I.E. patterns compared. 	Absorption 
45. 
2.,H). 	This indicated that the two antigens detected by each of 
the sera were identical to antigens 1 and 2 detected by R-YM. 
Although individual rabbits may react differently to the same 
antigenic stimulus (see reactions of individual rabbit sera from pools 
R1 -A and R 1 -D in Appendix Figs 1,2) a large number of rabbits recognised 
antigens 1 and 2 as illustrated by the results above. 	Most of the in- 
dividual rabbits of groups R 1 -A and R 1 -D appeared to recognise antigens 
1 and 2 (marked on tracings) but mixtures with R-YM were not performed. 
Summary: 	The electrophoretic mobility of antigen-1 in comparison 
to antigen-2 was found to differ between lines of P.y. yoelii and P.Y. 
nigeriensis. 	Lines of P.y. yoelii characteristically assumed the 
'Forward' position (F) and P.y. nigeriensis the 'Backward' position (B). 
This difference was consistent when tested with 3 sets of pooled sera 
and 2 individual sera, using antigens of lines Al, YM and D 1 . 
10.3. 	Assessment of the influence of proteolytic degradation. 
The possible influence of proteolytic degradation of the antigens 
during preparation and analysis was assessed by two methods: the 
addition of protease inhibitors to the antigens and antisera and the 
attempted induction of proteolysis by incubation with reticulocyte lysate. 
10.3.1. 	Addition of proteolytic inhibitors 
The addition of 200 Kallikrein Inactivation Units (K.I.U.) of 
Aprotinin per ml of serum had no effect on the resulting precipitation 
pattern. 	No distinct arcs were lost when 1mM phenylmethane sulphonyl 
fluoride and 5mM ethylene diamine tetra-acetic acid were added to the 
antigen during saponin lysis and tritonisatiori although the appearance 
of occasional double arcs in samples without inhibitors may have been 
caused by degradation. 	There was, however, an indication that the 
relative amounts of antigen-1 and -2 detected in a sample of lineA 1 














Electrophoretic mobility of Antigen-1 III. 
A) line A 	B) line D1 	C) line YM; 	10 parasites tested 
against lOOl R 3-A + lOOil R4 -A. 	0) 10 parasites line A 1 
tested against lOOl R 3-A + 100.il R4-A + 5l R-YM. 
E) line A l 	
F) line D 1 	G) line YM; 	5 x i06 parasites 
tested against lOO.l R2 -A absorbed with C57 cells (abs). 
H) io parasites line A l  tested against 25l R






Electrophoretic mobility of Antigen-1 II. 
A) line A 1 	B) line D 	 C) line YM; 	10 parasites tested 
against iO.il R 2 -D. 	D) 10 7 parasites line D i
tested against 
iO.il R2-D + 51A R-YM. 
E) line A 	F) line 0 	G) line YM; 	10 parasites tested 
against 150il R3-D. 	H) 10 parasites line D tested against 
150 Ill R3-D + 51,1 R-YM. 
Fig 21 
FIGURE 21. 
Electrophoretic mobility of Antigen-i in Py. yoeiii and 
P.y. nigeriensis I. 
A) line A1 	B) line YM 	C) line A3 	D) line D1 
lO parasites and 51,1 R-YM serum on each gel. 	A, B, C 
belong to the sub-species fy. yoelii and show Ag-i in the 
Forward position. 	D belongs to sub-species P.y. nigeriensis 
and Ag-i is in the Backward position. 
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number of solubilised parasites was applied to each gel and the areas 
under the arcs shown are graphed in Figure 20. 
This experiment confirmed the results of the phenyihydrazine work, 
that parasites growing in mature cells contain larger amounts of antigen- 
1 than parasites in immature cells. 
10.2. 	A study of the electrophoretic mobility of antigen-1 in lines 
of P.y. yoeiii and P.y. nigeriensis. 
The two antigens designated 1 and 2 have been shown to be of para-
site origin and to be antigenically identical in all the P. yoeiii 
lines (Section 10.1.1, 2). 	However, although the antigenic sites were 
the same, the electrophoretic mobility of antigen-1 differed between the 
lines of P.y. yoelii and P.y. nigeriensis, as judged by the distance of 
each arc from the origin. 	Antigen-2 had the same mobility in all the 
lines tested, although slight variation occurred between samples run on 
different days. 	It was, therefore, possible to characterise antigen-1 
by its position relative to antigen-2. 
Antiserum raised against parasites of line YM showed this electro-
phoretic difference most clearly. 	Figure 21A-C shows that the leading 
arm of arc 1 ran further from the origin than the leading arm of arc 2 
and that the highest point of arc 1 lay further from the origin than 
that of arc 2. 	The trailing arms of arc 1 and arc 2 touched each 
other. 	This was true of the four lines of P.y. yoelii; A l . A2 , A 3 
and YM (A2 shown in Fig. 24A). 	This position of arc 1 was designated 
'Forward' (F). 	In line D i 11  however, the leading arm of arc 1 originated 
at the same point as the leading arm of arc 2 and the highest point of 
arc 2 lay further from the origin than that of arc 1 (Fig. 210.). Line 
02 reacted similarly (Fig. 29A). 	This position of arc 1 was designated 
'Backward' (B). 
This pattern was also shown with sera R 2-D and R 3-D (Fig. 22A-c, 
E-G) raised in individual rabbits against line D 1 , and pooled sera R3 -A 
+ R4-A and R2 -A which had been absorbed with C57 cells (R 2
-Aabs). The 
titre of antibody to antigens 1 and 2 varied with each different serum, 
so the heights of arcs 1 and 2 (labelled on tracing) also varied. 
Each of these sera was tested in combination with R-YM and each 































Sequential bleeding of P. yoelii lines D,and YM - areas 
under arcs-i and -2. 
Areas (enlarged 16 times) under arcs-1 and -2 of lines D 1 
and YM 2, 3 and 4 days after infection. 	Points represent means 




Sequential bleeding of P. yoelii lines D i
and YM. 
10 7 parasites tested against 5l R-YM. 
A, B, C - line D 1 parasites isolated on day 2, day 3 and day 
4 post infection respectively. 
D, E, F - line YM parasites isolated on day 2, day 3 and day 
4 post infection respectively. 
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areas of arc 1 and arc 2 vary among the lines A 1 , YM and D but does 
not give any information about the relationship between the lines. 
T-tests were carried out on the mean areas under the arcs (Table 
IX) and the following conclusions can be drawn: 
The areas of arc-1 and arc-2 of line A 1 are the same. 
The sane amount of Ag-2 is detectable in all 3 lines. 
The area under arc-1 is greater than that under arc-2 in 
lines YM and D 1 . 
Line A 1 has less Ag-i than line YM, which has less than line D 1 . 
A two way analysis of variance was also carried out on the areas 
under arcs 1 and 2 from parasites grown in phenylhydrazine-treated 
mice. 	The results, shown in Table X,indicate that the areas under 
arcs 1 and 2 neither differ significantly from one another, nor between 
the lines tested. 	The areas under the arcs of all three parasite 
lines grown in anaemic mice can therefore be regarded as homogeneous. 
Summary: 	The statistical analysis generally supports the visual 
analysis; parasites growing in mature cells, i.e. lines D and YM in 
normal mice contain much larger amounts of antigen 1 than those in 
immature cells, i.e. line A 1 . 	In phenyihydrazirre-treated mice lines 
and YM both behave similarly to line Al. 
10.1.4. 	Sequential bleeding of lines YM and 
It was possible to follow the course of infection of the two viru-
lent lines, YM and D 1 , through their immature-cell phase into their 
mature-cell phase by bleeding groups of animals on days 2, 3 and 4 
after infection (i.p.) with blood form parasites. 	The percentage of 
YM-infected cells which were immature was counted in each antigen 
preparation using New Methylene Blue and Giemsa staining (Section 
3.2.3, ii). 	This was 82% on day 2, 32% on day 3 and 3% on day 4. 
Exact counts were not taken of the line D infection but approximate 
levels of immature cell infection were 95% on day 2, 50% on day 3 and 
5% on day 4. 	Figure 19A-F shows that for both the virulent P.y. yoeiii, 
line YM and P.y. nigeriensis line D 1 the height of arc 1 in comparison 
to arc 2 rose as the percentage infection of reticulocytes fell (and 
consequently the percentage infection of mature cells rose). 	The same 
TABLE X. 	2-way analysis of variance - parasites grown in 
phenylhydrazine treated mice. 
Source of variation d. f. SS MS Es 
Arcs 1 1.04 1.04 1.98 	n.s. 
Lines 2 4.79 2.39 1.74 	n.s. 
Interaction 2 1.05 0.53 0.38 	n.s. 
Residual 	(Error) 12 16.46 1.37 
Total 17 
n.s. = not significant 
F05 (1,12) = 4-75 
F05 (2,12) = 3.98 
TABLE IX. 	Table of means 
arc arc  
Line A1 2.25 = 2.26 
A 
Line YM 8.28 > 2.25 
A ki 
Line D 13.33 > 2.11 
Individual differences shown are significant at a level 
of p = 0.005. 	The probability of one of the seven statements 
being in error is therefore 0.035. 	The areas of the arcs are 
in cm2 and were measured on an image of the gel enlarged 16 times. 
TABLE VIII. 	2-way analysis of variance - parasites grown in 
normal mice. 
Source of variation 	d. f. 	SS 	MS 
Arcs 	 1 	148.60 148.60 	132.69 significant 
p < 0.001 
Lines 
	
2 	89.84 	44.92 	40.11 
Interaction 
	





12 	13.4 	1.12 
Total 	17 
d.f. - degrees of freedom 
	
SS - sums of squares 
MS 	- mean squares 
	
Fs - variance ratio 
p 	- probability 
	
F001 (1,12) = 9.33 




P. yoelii lines grown in normal and phenyihydrazine- 
treated mice. 
10' parasites tested against 5l R-YM. 
ph - phenyihydrazine-treated 
A) line A1 	B) line A 1 ph 	C) line D1 
	D) line D1 ph 
E) line YM F) line YM ph. 
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10.1.3. 	Influence of host cell type 
Infections of line D, and line YM in which the parasites grow 
predominantly in immature cells can be induced by treating the mice 
with phenyihydrazine before infection with the parasite (Section 4.2.4). 
Lines A 1 , YM and D were all grown in such mice. 	Figure 18A-F shows 
a comparison between parasites of the three lines grown in normal and 
phenylhydrazine-treated mice. 
The area under each arc in crossed-immunoelectrophoresis is 
directly proportional to the amount of antigen present if a constant 
amount of serum is included in the second dimension gel (Clarke and 
Freeman, 1967). 	As a constant number of parasites (10) and amount 
of serum (5i1) was applied to each gel it was possible to compare the 
areas of the two arcs between the gels. 	This comparison was made 
visually, using the heights of the arcs as rough estimates of the 
amount of antigen present, and also statistically, after the areas 
under the curves had been calculated by computer. 
3(i) 	Visual comparison: 	Antigens of line A 1 produced in normal 
or phenyihydrazine-treated mice showed two arcs of similar height. In 
antigen preparations of lines YM and D 1 produced in normal mice, i.e. 
predominantly in mature red blood cells, arc .l was very much higher 
than arc 2. 	However, when lines YM and D, were grown in phenylhydrazine- 
-treated mice the height of arc 1 was reduced to a height similar to 
that of arc 2 and the profile resembled that of arc 2. 	This indicated 
that the antigen represented by arc 1 was present in greater amounts 
in parasites growing in mature cells than in those growing in immature 
cells. 
3(u) 	Statistical comparison: 	The area under each arc was cal- 
culated and a two way analysis of variance (Sokal & Rohlf, 1969) carried 
out, on triplicate results, for parasites in normal mice and parasites 
in phenyihydrazine-treated mice. 	All statistical analysis has been 
carried out assuming that the data are normally distributed. 
The analysis of variance table for the antigens of parasites grown 
in normal mice is given in Table VIII. 	In each analysis the two main 
effects tested were the difference between the areas of arcs 1 and 2 and 
the differences between the lines in the size of these arcs. 	The sign- 





1O 7 parasites 
10 parasites 
10 parasites 
0) 10 RBC ph. 
res of line A1 with other lines of P. yoelii 
of line A1 mixed with 
line 
line YM 
line A 3 




Two antigens in four lines of P. yoelii. 
io parasites tested against 5il R-YM. 
A) line A 1 	B) line D 1 	C) line YM 	D) line A3 
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10. 	Studies of blood form antigens by crossed 
inirnunoelectrophoresis (C.I.E.) 	II: A study of two antigens in 
P. yoelii 
Two particularly strong precipitin arcs were noticeable when antigen 
preparations of all lines of P. yoelii were tested with serum raised 
against parasites of line YM. 	These arcs were investigated further. 
10.1. 	Characterisation of antigens 
10.1.1. 	Identification of the parasite origin of the two antigens 
Figure 15A-D shows the reaction of lines A 1 , A3 , YM and D 1 with 
R-YM serum and the two relevant arcs are arrowed on the tracings. 
Uninfected mouse cells tested against the same serum did not produce 
the two arcs and neither did antigen of line A 1 tested with serum raised 
against uninfected cells (Fig. 15E,F). 
Alteration of the relative quantities of antigen and antiserum 
allowed these two strong arcs to be visualised more clearly. 	In Figure 
16A-D the amount of antigen was doubled and the serum concentration in 
the gel reduced by a factor of 10 in comparison with the gels shown 
in Figure 15A-D. 	One arc was more distinct and bright than the other 
and was designated arc 1. 	The less distinct arc was designated arc 2. 
In some photographs it is difficult to distinguish the brighter arc; 
for clarity, arc 1 has been numbered. 
Addition of antigen from phenyihydrazine treated uninfected mice 
to the line A 1 antigen prior to electrophoresis (Fig. 17D) did not alter 
the profile or the heights of the arcs shown by line A 1 antigen alone 
(Fig. 16A). 	A similar result was obtained with line D 1 (not shown). 
This confirmed the results of other control gels (Fig. 15E,F,G; Fig. 
17D), that the two antigens under study were of parasite origin. 
10.1.2. 	Comparison between the parasite lines 
In order to determine whether the two antigens from different lines 
were identical, antigen preparations were mixed prior to electrophoresis 
(Section 6.2.2, iv). 	Antigens of line A 1 were mixed with antigens of 
each of lines A 3 , YM and D i before testing with R-YM serum (Fig. 17A -D). 
In each case only two precipitin arcs formed, indicating complete anti-
genic identity of the two antigens concerned. 
40. 
on both gels are of host origin. 	A single faint arc present when 
antigen of line D is reacted with absorbed R 1 -A serum (not shown) 
could be of either host or parasite origin. 
Summary - Absorption of sera prior to electrophoresis did not 
reveal any antigens clearly specific to either of the parasite lines. 
Two faint arcs, present when line D 1 antigen is reacted with absorbed 










Two parasite antigens in P. yoelii detected by serum R-YM. 
A) line A 1 	B) line A 	C) line YM 	D) line D i 
A,D - 5 x 10 parasites tested against 501.'1 R-YM 
B,C - 10 parasites tested against 20pl R-YM 
5 x 
10 
  cells from phenyihydrazine-treated uninfected mice 
tested against 50l R-YM. 
2.5 x 
10 




Comparison of lines A 1 and D 1 by absorption from the 
antiserum of antibodies directed against common antigens. 
2.5 x 10 6 parasites line D tested against 200.il R 1 -D. 
2.5 x 10   parasites line A1 tested against 200i.il R 1 -D. 
5 x 10 6  parasites line A 1 tested against lOOl R1 -A. 
10 RBC ph tested against 100il R 1 -A. 
A, B - antisera absorbed with line A 1 antigen. 





Comparison of lines A l  and D1 
by absorption of antigens 
with R1 -A serum in the first dimension. 
2.5 x 
10 
  parasites line D 1 tested against 1500 R1 -D. 
2.5 x 10   parasites line D 1 tested against 100il R1 -A. 
5 x 
10 
  RBC ph tested against lSOpl R 1 -D. 
All antigens absorbed with 200ul R1-A. 
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since it was not detected by serum raised against line D 1 (Fig. 123) 
despite the absence of arc iv. 
The results of absorption of antigen in the first dimension with 
serum R 1 -A are given in Figure 13. 	Figure 138 shows that the two 
antigens in Figure 13A are common to line A 1 and line D and Figure 13c 
suggests that they are both of parasite origin. 
Summary - The inclusion of antiserum in the first dimension gel 
reduced the number of precipitin arcs formed in the second dimension. 
Strong precipitates were present in the first dimension of all the gels 
performed, showing that absorption of antigens was taking place. 
However, no arcs clearly specific to either line A 1 or line D, were 
observed. 
9.3. 	A comparison of P.y. yoelii and P.y. nigeriensis by absorption 
of common antibodies from the antisera. 
An attempt was made to remove, by absorption from the antisera, 
antibodies directed against antigens present in both Py._yoelii line A 1 
and P.y. nigeriensis line D 1 . 	Serum R 1 -A,raised against line Al. was 
absorbed with line D 1 antigens and serum R 1 -D, raised against line 
was absorbed with antigen of line A l  as previously described (Section 
6.2.2., ii). 	These absorbed sera were included in the second dimension 
of crossed imunoelectrophoresis (Fig. 14). 
Most of the arcs formed by the absorbed sera are faint and appear 
to be due to insufficient absorption rather than to antibodies specific 
to one line. 	The absence of precipitates when control blood antigen 
is tested with absorbed R 1 -D serum shows that no host cell antigens are 
detected by this serum; however, three arcs are formed when antigen of 
line A l  is tested against it (Figure 14B). 	
These arcs represent in- 
sufficiently absorbed common parasite antigens and three arcs caused by 
antigens of line D 1 in Figure 14A and which probably correspond to these 
three, as judged by position, shape and intensity of arcs, are arrowed 
on the tracing. 	The two other faint precipitates in Figure 14A appear 
to represent antigens specific to line D 1 . 
The position, shape and intensity of the two arcs caused by line 
A 1 antigen (Fig. 14C) and host cell antigen (Fig. 14D) when tested 








Comparison of lines A 1 and D 1 by absorption of antigens 
with R1 -D serum in the first dimension. 
2.5 x 
10 
  parasites line A 1 tested against 50l R 1 -A. 
2.5 x 
10 
  parasites line A l 
 tested against 100.il R 1 -D. 
2.5 x 
10 
  parasites line A 1 tested against 50pl R-M. 
5 x 
10  phenyihydrazine-treated mouse red blood cells 
(RBC ph) tested against 50l R 1 -A. 
2.5 x 106  parasites line A l 
 and 5 x 106  RBC ph tested 
against SOul R 1 -A. 




Line D 2  and five cloned progeny from the A/D cross - all of 
which inhabit mature cells. 
A) li'ne D 2 	B) A/D 59 	C) A/D 64* 	D) A/D 65 	E) A/D 68 
F) AID 70. iO parasites tested against 5i.il R-YM. 
*M error in the calculation of the number of parasites in this 
preparation has resulted in fewer than 10 parasites being 
loaded onto the gel. 
Ag-i is in the Backward position in line D 2 and AiD 70 and 
in the Forward position in all other cases. 	Ag-1 is High in 
all cases. 
I 	 ___ 
FIGURE 30. 
Mixtures of A/D clones 
A) line A 2 + line 02 	B) 
0) line A2 + AID 59. 10
7 
5l R-YM. 	A and B are mi 
mixture of 2B clones and 0 
and parental lines. 
line 02 + A/D 59 	C) line 02 + A/D 63 
parasites of each line tested against 
xtures of an F and a B clone, C is a 
is a mixture of 2F clones. 
Fig 30 
FIGURE 31. 	Combinations of the four antigenic characters - F, B, H 




Forward and Low (F, L) 
Lines A2 , A/D 60, A/D 62, A/D 66, 
A/D 69. 
Forward and High (F, H) 
Lines A/D 59, AID 64, A/D 65, 
AID 68. 
2 
Backward and Low (B, L) 





Backward and High (B, H) 
Lines D2 , AID 70. 








A2 1 2 4 Res. L F 
D2 2 1 2 Sens. H B 
A/D59 2 2 4 Res. H F 
60 1 2 2 Res. L F 
62 1 2 4 Res. L F 
63 1 2 4 Sens. L B 
64 1 2 4 Sens. H F 
65 1 1 4 Res. H F 
66 1 2 4 Res. L F 
68 1 2 4 Res. H F 
69 1 2 4 Res. L F 
70 2 1 4 Res. H B 
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12. 	Acoinparison of antigens of P. yoelii, P. vinckei, P. berghei 
and P. chabaudi by C.I.E. 
Blood form parasites of four species of rodent malaria, namely P. 
yçelii yoelii line A l , P. yoelii nigeriensis line D 1 . P. vinckei petteri 
line CR, P. berghei line NK65 and P. chabaudi chabaudi line AS were 
compared using crossed imniunoelectrophoresis. 	Two antiserum pools, 
both raised against P. yoelii; R-YM and R2-A absorbed, were employed. 
12.1. 	Species compared using anti-P. yoelii sera 
The number of arcs formed when parasites of each species were re-
acted with antisera R-YM and R 2-A abs are presented in Table XIII. 
Photographs of some of these reactions are shown in Figure 32, but 
some of the arcs are not clearly visible. 
All the arcs, except those caused by blood cell antigens, represent 
antigens common to P. yoelii and the species under comparison. However, 
differences in the profiles produced by one antigen-antibody reaction 
in several species may be due to any or all of four reasons: 
The amount of antigen present may differ between species, 
causing the arcs to differ in height. 
The antigenic determinant may be present on different carriers, 
and may therefore electrophorese to different positions in the 
first dimensions. 
The chemical structure of the determinant may vary, resulting 
in reactions of differing avidity with a given antibody. 
The antigen-carrying molecule may be partially identical bet-
ween species and may therefore contribute to a 'single spur 
reaction' in the presence of a homologous antigen-antibody pair. 
Comparison of large numbers of antigens is thus difficult. However, 
blood form antigens of all the species, when tested with R-YM serum, 
showed two arcs which were stronger than the others in the same gel and 
these were chosen for analysis. 	They were visualised more clearly 	by 
increasing the amount of antigen and decreasing the serum concentration 
in the gels (Fig. 33). 	The two arcs of P. yoelii had already been 
assigned the numbers 1 and 2 (Section 10.1.1) and the arcs of the other 








Cross-species comparison using R-YM serum. 
A) line A 1 	B) line D 	 C) line NK 65 	D) line CR, 
5 x 
10  parasites against 5l R-YM 	E) line AS 5 x 10 6 







tracing of Figure 33; P. berghei, 3 and 4, P. vinckei, 5 and 6, P. 
chabaudi, 7 and 8. These antigens were compared between the species 
using antigen mixtures and tandem immunoelectrophoresis. 
12.2. 	Comparison by C.I.E. of antigen mixtures 
Mixtures of the antigens of two species were made before electro-
phoresis and the resulting profiles examined for reactions of identity, 
partial identity and non-identity. 	All the possible species com- 
binations were studied and line D was used to represent P.yoelii 
(Fig. 34). 
Clear reactions of three categories of identity were found among 
the mixtures, along with some equivocal results. 	In Figure 34A arc 2 
of P. yoelii and arc 3 of P. berghei are clearly identical and arc 1 of 
P. yoelii is partially identical to arc 4 of P. berghei. 
The two arcs in the centre of Figure 340 show a reaction of non-
-identity. In the same gel, the shape of arc 4 from P. berhei has 
been altered at the side closer to the origin by arc 6 of P. vinckei. 
Arcs 4 and 6 appear to be partially identical. 
A summary table of conclusions drawn from the results of the mix-
tures is given in Table XIV. 	It was difficult to draw conclusions 
about arc 8 because it was so indistinct but possible interpretations 
have been given. 
Antigen 2 of P. yoelii is common to all four species and was de-
signated 3, 5 and 7 when the arcs of the other species were named. 
Arcs 1, 4 and 6 are all partially identical to each other although arcs 
1 and 4 are both more distinct than arc 6. 	Antigen 8 does not appear 
to be identical to any of the other arcs. 
12.3. 	Comparisons using tandem immunoelectrophoresis 
Tandem immunoelectrophoresis was carried out as a second means of 
comparing the two antigens in each species. 	Tandems involve running 
two samples in series and it was found that different results could be 
obtained depending on which sample was in the leading position. For 
this reason all tandems were carried out with each of the samples 
leading (Fig. 35). 
Figures 35A and B show the reaction of antigens of line A 1 , with 
line D 1 . 	In A it is obvious that antigen-1 of line A1 is identical to 
TABLE XIII. 	Cross-species comparison using anti-P. yoelii antisera. 
C 
Figures represent the number of arcs detected on each gel. 	5 x 10" parasites or uninfected 
mouse cells were tested against 500 R-YM or lOOil R2-Aabs serum. 
Antigens 
Anti sera 	
P. yoelii 	 P. berghei 	P. vinckei 	P. chabaudi 	
Uninfected 
Line Al 	Line D,Line NK65 Line CR Line AS blood 
R-YM 	 11 	12 	 7 	 5 	 7 	 3 
R2-Aabs 	 11 	9 	 7 	 6 	 7 	 2 








A) P.y. nigeriensis line 0. 
C) P,vpetteri CR, 5 x 10 1 
0) P.y. yoelii line A l  
F) P. chabaudi AS, 5 x i0 6 
)fl using anti-P. yoelii serum. 
B) P. berghei NK65 
parasites tested against 501 R-YM 
E) P. berghei NK65 


















A) lines D I
+ NK65 	B) lines D i + CR 	
C) lines D i + AS 
D) lines NK65 + CR 	E) lines NK65 + AS 	F) lines CR + AS 
lO parasites of each line tested against 5il R-Y14 (A, B, D) 
or lOi.il R-YM (C,E,F). 
FIGURE 35. 
Cross-species tandem electrophoresis. 
leading well following well 
A line D 1 line A 1 
B line A 1 line D 1 
C line NK65 line D i 
D line D 1 line NK65 
E line CR line Di 
F line D line CR 
G line CR line NK65 
H line NK65 line CR 
10 7 parasites of each line tested against 51 	R-YM heading 
well on the left. 
Fig 35 
F] 




P. 	berghei 	line NK65 
5 	6 
P. 	vi nckei 	line CR 
 
I\d~  P. 	chabaudi 	line AS 
Results 
I II 
Species Antigen mixtures Tandems 
P. yoelii + P. 	berghei 4 1 2 = 3 	4 1- 	1 
P. yoelii 	+ P. 	vinckei 6 1 2 = 5 2 = 5 
P. 	yoelii + P. 	chabaudi 1 8 2 = 7 2 = 7 
P. 	berghei 	+ P. 	vinckei 6 4 3 = 5 	6 4 	3 	5 
P. 	berghei + P. 	chabaudi 4 8 3 = 7 	4 8 	3 	7 
P. 	vinckei 	+ P. 	chabaudi 6 8 5 = 7 	6 8 
= 
- identity, 	j - partial identity, 	- non-identity 
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antigen-1 of line 	this has already been proved by a mixture 
(Fig. 17). 	However B suggests identity but does not prove it. 
Figure 28C and D shows the interaction of antigens of P. yoelii 
(line D 1 ) with those of P. berghei line NK65. 	In C a clear reaction 
of partial identity between antigens 1 and 4 is evident but with the 
antigens run in reverse positions 0 a reaction of identity could have 
been inferred. 	No conclusions about antigens 2 and 3 can be drawn 
from either gel. 
Few results could be drawn from the tandem electrophoresis. 
Pooled results from the paired gels are shown in Table XIV. 
12.4. 	Suninary 
Four species of rodent malaria parasites; P. yoelii, P. berghei, 
P. vinckei and P. chabaudi, were compared using sera raised against P. 
yoelii. 	Each species was found to have several antigens in common 
with P. yoelii, the arcs caused by two of these antigens being stronger 
than the other arcs. 	These two antigens in each species were studied 
more closely using antigen mixtures and tandem immunoelectrophoresis. 
These techniques suggested that one antigen was common to all four 
species. 	Reactions of partial identity or non-identity were observed 
when the other antigens were compared between the species. 
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13. 	A comparison of the antigens of the human malaria parasite P. 
falciparum with rodent malaria parasites using C.I.E. 
A small comparative study was carried out on the antigens of P. 
falciparum and those of rodent malaria parasites. 
P. falciparum line K 1 antigens gave 2 strong arcs and one indis-
tinct one with R2-A abs serum (not shown) and 2 strong low arcs and one 
high diffuse one with R-YM serum (Fig. 36A,B). 	As uninfected human 
blood did not react with either serum, these antigens were concluded 
to be of parasite origin. 
Antigen mixtures were carried out to compare the two strong arcs 
visible with R-YM serum, and designated 9 and 10, with those visible 
in rodent malaria species (Fig. 36C-G). 	Antigen-1 of P. yoelii 
appeared to be identical to antigen 10 of P. falciparum. Antigen 4 
of P. berghei was partially identical to antigen 10 of P. falciparum. 
No clear reactions of complete or partial identity were found between 
antigens 9 and 10 and those of P. vinckei or P. chabaudi. 
When the P. falciparum antigen was reacted with plasma from in-
fected Gambian children (G 1 , G2 , G3 ) kindly supplied by Dr R.S. Phillips, 
University of Glasgow, up to 6 arcs were visible (Fig. 37A,B). Antigen 
of P. yoelii (line A 1 ) tested against a pool of 3 Gambian sera gave two 
indistinct arcs (Fig. 37C). 	P. falciparum antigen showed one indis- 
tinct arc with pooled normal human plasma (Fig. 37D) and control human 
blood did not react with plasma G2 . 
Summary 
Three antigens of the human malaria parasite P. falciparum cross-
reacted with serum raised against P. yoelii; one of these showing a 
reaction of identity with antigen-2. 	Reactions of partial identity 
between P. berghei and P. falciparum and P. vinckei and P. falciparum 
were recognised by R-Yf1 serum and no identity was found with P. chabaudi. 
P. falciparum showed up to 6 arcs and P. yoelii 2 arcs when tested 
with sera from Gambian children. 
FIGURE 36. 
A comparison of P. falciparum with rodent malaria parasites. 
5 x 10  parasites P. falciparum tested against 50l R-Yt4 
P. falciparum 	C) P. yoelii 	D) P. berghei 	E) P. vinckei 
F) P. chabaudi. lO parasites of each line. C, 0, E, F each 














Antigens tested with Gambian plasma. 
lO parasites P. falciparum tested with 200pl G-1 plasma. 
io parasites P. falciparum tested with 200pl G-2 plasma. 
lO parasites P. yoelii line A 1 tested with 200pl pool 
G-l) -2, -3 plasma. 
0) lO parasites P. falciparum tested with 2001il pooled 






14. 	A comparison of the antigens of sporozoites and blood forms 
14.1. 	A comparison using the Indirect Fluorescence Ass ay (lEA) 
The antigens of sporozoites and blood forms were compared using 
blood form antigens tested with sera raised in rabbits against sporo-
zoites of P. yoelii (R-SA, R-SD, Section 5.1.2). The results are 
given in Figure 38. Serum R-SD reacted more strongly with the blood 
form antigens of P. yoelii than serum R-SA but each one gave similar 
reactions with all three lines; Al. D 1 and A/D44. 
The other three species tested; P. berghei, P. vinckei and P. 
chabaudi were indistinguishable from P. yoelii when tested with serum 
R-SD. 	Serum R-SA appeared to react less strongly with the other 3 
species than with its homologous species, P. yoelii. 
14.2. 	Studies on serum raised against sporozoites using C.I.E. 
14.2.1. 	Blood form antigens tested with anti-sporozoite serum 
One of the four sera raised against sporozoites was found to react 
with blood form antigens, giving a single precipitin arc (Fig. 39). 
Uninfected mouse erythrocyte antigens did not react with this serum. 
A single arc was present when blood form antigens of any of the 
four rodent species, P. yoelii, P. berghei, P. vinckei or P. chabaudi, 
were tested with serum R-SD. 	The shape, intensity and position of the 
arcs suggested that they were caused by the same antigen and when a 
mixture of P. yoelii and P. berghei antigens was performed,a single arc 
was observed (Fig. 39), supporting this suggestion for at least these 
two species. 	P. falciparum antigen also produced a similar, but much 
fainter arc in a similar position. 
14.2.2. 	Sporozoite antigens tested with anti-sporozoite serum 
Preparations of sporozoite-infected mosquito guts and salivary 
glands were solubilised in Triton X-lOO and tested against R-SD serum 
using C.I.E. 	Sporozoite antigen of line Al. A 3 and D were tested 
and showed up to 10 arcs using C.I.E. (Fig. 40A,B). 	However, uninfected 
mosquito tissue treated in a similar way showed 9 arcs and there were 
no obvious sporozoite-specific arcs (Fig. 40c). 	There was no indication 
of which, if any, of these arcs correlated with the single arc visible 
when this serum was tested against blood form antigens. 
FIGURE 38. 
A comparison of blood form antigens by lEA using sera 
raised against sporozoites. 
Figures on the fluorescence axis are reciprocals of the 


































CIE of blood form antigens with R-SD serum. 
A) P. yoelii 	B) P. berghei 	C) P. vinckei 	D. P. chabaudi 
5 x 
10 
  parasites 	E) 2.5 x 106 parasites P. yoelii + 2.5 x 10 6 
parasites P.berghei. 	All tested against 250il R-SD. 
Fig 39 
FIGURE 40. 
CIE of sporozoite antigens with R-SD serum. 
A) 2.5 x 
10  sporozoites line A 1 . 	B) 2 x 10  sporozoites 






This discussion is arranged in the same basic sequence as the 
Results section. 	The first section discusses the results of the 
Indirect Fluorescence Assay (lEA) on sporozoites and blood forms of 
rodent malaria parasites. 	The results are considered in relation 
to previous work concerning lEA and protection experiments using 
various malaria species. 	The second section deals with precipitating 
antigens beginning with a discussion of precipitinogeris in malaria. 
This is followed by an outline of the development of immunoelectro-
phoresis and the interpretation of its results in relation to the 
work in this study. 	The third section deals with the genetics of 
malaria parasites. Previous studies are discussed along with the 
results of the genetic work in this study. 	The Discussion ends 
with a list of the conclusions to be drawn from this work and a con-
sideration of their implications. 
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15. 	Fluorescence 
15.1. 	Antigens of sporozoites 
The antigens of the mosquito stages of malaria have received 
much less attention than those of the blood forms. 	Work on sporo- 
zoites has been pioneered largely by Nussenzweig and her colleagues 
at New York University School of Medicine. 	They showed (Nussenzweig et 
al.,1969a,b) that mice could be immunised against sporozoite challenge, 
but not challenge with asexual blood form parasites, by repeated intra-
venous injection of x-irradiated sporozoites of P. berghei. Vanderberg 
et al. (1972) extended the study of the stage specificity of protection 
and investigated the antigens of sporozoites isolated from the mosquito 
gut or salivary glands at various times after infection. 	They con- 
cluded that oocyst sporozoites possessed an 'immature' antigen which 
was not detectable on salivary gland sporozoites and also small 
amounts of another antigen which was present in greater quantity on 
salivary gland sporozoites. 	They also found that the ability to 
stimulate protective immunity was demonstrable primarily after the 
sporozoites had moved from the oocysts to the salivary glands. 	A 
similar process of maturation was also observed by Nussenzweig and 
Chen (1974) in sporozoites of P. cynomolgi. 	Nardin (1979) studied 
sporozoite antigens of P. knowlesi using circumsporozoite precipitation 
(CSP) and the indirect fluorescence assay (IFA). 	She concluded that 
the antigens expressed on mature salivary gland sporozoites are present 
on oocyst sporozoites but that fewer are present, or expressed, in the 
immature form. 
In P. yoelii-infected mosquitoes on days 13-16, sporozoites are 
present in the salivary glands but large numbers of sporozoites are 
also present in gut oocysts. 	In this study oocyst and salivary gland 
sporozoites isolated from the same mosquitoes at this time were not 
distinguished in the IFA by sera raised in mice against either group 
of sporozoites. 	This suggests that in P. yoelii the age of the 
sporozoites could be as important to their antigenicity as their 
position in the mosquito. 
Both the CSP test and lEA used by Vanderberg et al. (1972) and 
Nardin (1979) employed viable sporozoites as antigen and therefore de-
tected only surface antigens. 	In the lEA reported here the sporozoites 
were air dried and frozen before use because this was the standard 
ME 
method when the project was begun and because of the difficulties 
involved in harvesting large numbers of clean viable sporozoites. 
Nardin and Nussenzweig (1978) showed that air-drying and freezing of 
sporozoites exposed antigens common to the intraerythrocytic stages 
and which were probably located internally. 	It is possible that in 
this study, strong antibody reactions to common internal antigens 
have obscured specific surface antigens of P. yoelii sporozoites. 
The mouse-antisporozoite sera were not tested against blood stage 
parasites in this study, so it was not possible to estimate the 
amount of stage-common antibody activity in the sera. 
15.2. 	Species and strain specificity determined by IFA. 
15.2.1. 	Species specificity of sporozoite antigens. 
Cross reactivity of sporozoite antigens between species and 
strains of rodent, simian, human and avian malarias has been studied 
by several authors, using CSP and IFA. 	Species specific antigens of 
human and simian sporozoites were defined by Clyde et al. (1973a,b, 1975), 
Nussenzweig and Chen (1974) and Chen et al. (1976) using the CSP test. 
Corradetti et al. (1964), using the avian plasmodia P. gallinaceum and 
P. giovannolai, were the first to demonstrate species-specific antigens 
with a fluorescence test. 	Golenser et al. (1977) found that sera 
raised against P. berghei sporozoites did not cross-react with those 
of P. vivax on lEA and Nardin (1979) using viable or gluteraldehyde-
fixed sporozoites as lEA antigen demonstrated species-specific antigens 
on the surface of sporozoites of P. berghei, P. knowlesi, P. cynomolgi, 
P. vivax and P. falciparum. 
Nussenzweig eta1.(1969b, 1972) showed that sporozoites of the 
rodent malarias P. berghei, P.v. vinckei and P. chabaudi cross-reacted 
on CSP analysis but this cross-reaction did not extend to simian or 
avian sporozoi tes. 
Recently Yoshida et al. (1980) and Potocnjak et al. (1980) have 
employed the extremely discriminating monoclonal antibody technique 
to demonstrate an antigen on the surface of P. berghei sporozoites, 
which does not appear to be common to 3 other species of rodent malaria 
or to 2 simian species. 
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I have compared air-dried salivary gland sporozoites of P. yoelii 
and P. chabaudi by WA using sera raised in mice against P. yoelii. 
Cross-reactivity between the species was very low, P. chabaudi giving 
a negative reaction with a serum dilution of 1 in 40, at which homo-
logous sporozoites fluoresced strongly. 	Weak fluorescence of P. 
chabaudi sporozoites was observed only at a dilution of 1 in 4. 
There are two possible explanations for the very low cross-reactivity 
of the two species. 	One is that most of the antigens, including 
internal ones, are species specific. 	However, P. berghei sporozoites 
have been shown to cross-protect against P. virickei sporozoites 
(Nussenzweig et al., 1969b). The other is that immunisation with 
intact sporozoites induces antibodies directed predominantly against 
sporozoite surface antigens, as suggested by Nardin and Nussenzweig 
(1978): these are often species-specific (Nardin & Nussenzweig, 1978; 
Gwadz et al., 1979; Yoshida et al., 1980). 	The effects of present- 
ation of the immunising antigen and choice of host are discussed in 
Sections 15.2.3, 15.3. 
15.2.2. 	Strain specificity of sporozoite antigens. 
Varying degrees of cross-reactivity have been reported between 
sporozoites of different strains of a single species. 	Clyde et al. 
(1973, 1975) demonstrated cross-reactivity between sporozoites of 
several geographical isolates of P. falciparuni and found that strains 
of P. vivax from New Guinea and Salvador were antigenically similar on 
CSP tests. 	Intense cross-reactivity between geographically different 
isolates of human and simian malarias were also observed by Chen et al. 
(1976) using the same test. 	However, Nardin (1979) observed strain- 
specific antigens on sporozoites of the Malaysian strain of P. knowlesi, 
in comparison with the Phillipine strain, using viable sporozoites in 
lEA or CSP tests. 	Weak heterologous reactions occurred on lEA with 
air-dried sporozoites and she suggests that this is due to disruption 
of the sporozoite membrane allowing internal antigens to react. 
In this study sporozoites of the sub-species P.y. yoelii and P.y. 
nigeriensis were examined by lEA using sera raised in mice and rabbits. 
The sporozoites tested with sera raised in mice were column-
purified before being dried onto slides. 	They were incubated with 
All 
serum dilutions of 1 in 40 and 1 in 400 and the brightness of the 
fluorescence scored. 	The slides were coded by another person before 
being read and rigorous controls included in each experiment. 
The sporozoites cross-reacted with all the sera but homologous 
reactions were stronger than heterologous. 	This difference was 
particularly obvious at the stronger of the 2 dilutions. 
Nardin (1979) found that purification of sporozoites of P. berghei 
or P. cynomolgi on DEAE cellulose, although not altering the end-point 
titre of homologous reactions of air-dried sporozoites, increased the 
cross-reactivity with sera directed against sporozoites of another 
species from negative to 1 in 16 or more. 	In the present work it is 
possible that P.y. yoelii and P.y. nigeriensis sporozoites would have 
been distinguished more clearly if the sporozoites had not been purified. 
The sporozoites tested against rabbit sera were dissected from 
mosquito salivary glands and dried onto slides without purification. 
The presence of mosquito debris with salivary gland sporozoites prepared 
in this way did not make them difficult to observe, but oocyst sporo-
zoites prepared similarly were completely obscured by debris and could 
not be used. 	Dissected salivary gland sporozoites were titrated 
against doubling dilutions of sera and endpoints noted; a method which 
is more objective than scoring brightness of fluorescence. 
Sporozoites of the two sub-species cross-reacted strongly with 
both rabbit-anti-sporozoite sera but serum R-SD distinguished them 
clearly. 	The endpoint titre of serum R-SA with homologous sporozoites 
was, on average, only one dilution higher than with heterologous, which 
is within the error margin of the test. 	This suggests that the major- 
ity of the antigens of the two sub-species are similar but that line 
D1 sporozoites may possess an extra antigen not expressed by line A 1 . 
In general, sporozoite antigens as detected by IFA are species 
specific, but strain cross-reactive. 	This cross-reaction may be a 
matter of degree, especially when viable or gluteraldehyde-fixed 
sporozoites are used, because only surface antigens are detected by 
that method. 
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15.2.3. 	Species and strain specificity of blood form antigens. 
Antigenic cross-reaction, as detected by IFA, is much more extensive 
between blood form parasites than between sporozoites. 	Cross-reaction 
among primate malarias has been observed by several groups. 	Diggs and 
Sadun (1965) found that human sera raised against P. vivax or P. 
falciparum reacted with antigens of both species although the homologous 
reaction was stronger than the heterologous one. 	Sera from humans 
immunised with P. vivax or P. cynomolgi bastianellii also reacted 
strongly on LEA with both antigens and with those of P. gonderi and P. 
osmaniae (Voller, 1962). 	Human sera raised against P. vivax cross- 
react with antigens of P. cynomolgi and vice versa (Tobie et al., 1962). 
In a comparison of rodent and primate malarias, Voller (1962), 
using a direct fluorescence assay, found that fluorescein-labelled anti-
sera against P. berghei berghei reacted well with homologous antigen, 
less well with P. vinckei antigen and weakly with primate parasites. 
El-Nahal (1967) extended the study of rodent malaria antigens and 
classified the 4 rodent malaria species into 2 groups according to 
their IFA cross-reactivity. 	He found that P. berghei (NK65) and P. 
yoelii (17X) were indistinguishable from each other but that sera raised 
in rats or rabbits against either species reacted less well with P. 
vinckei (Adler strain) or P. chabaudi (54X). 	Sera raised against the 
latter two species reacted less strongly with P. berghei or P. yoelii 
than with homologous antigen or each other. 	None of the sera were 
able to distinguish the 2 species within each group, i.e. P. yoelii 
from P. berghei, or P. vinckei from P. chabaudi. 	These groups cor- 
respond to those previously suggested by cross-protection studies (Cox 
& Voller, 1966). 
The work of Cox and Turner (1970), using sera from infected mice, 
essentially supported that of El-Nahal (1967), the 2 groups recognised 
by him being apparent but less obvious. 	Sera raised against P. vinckei 
and P. chabaudi gave a stronger reaction with each other than with P. 
berghei or P. yoelii but those mice infected with P. berghei or P. yoelii 
reacted similarly with each of the three heterologous antigens. 	The 
higher titre of the sera used by Cox and Turner may have allowed greater 
differentiation between the species and the production of sera in mice, 
rather than rats, may have affected the difference in serum specificity. 
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The only report of species specific antigens within a single host 
group is that of Voller (1962) who found that immune sera raised 
against the avian malarias P. gallinaceum and P. juxtanucleare did not 
cross-react. 
Kielmann et al. (1970a,b) have reported reactions between P. 
gallinaceum antigen and the sera of patients with P. falciparum or P. 
vivax and suggest the use of P. gallinaceum antigen for epidemiology 
and diagnosis of human malaria. 	However, the titres obtained were low 
(1:40 or less) especially from patients for whom this test would be 
most useful, i.e. patients without patent parasitaemia. 	Other authors 
(Ambroise-Thomas et al., 1972; Arnbroise-Thomas, 1974) suggested that 
low fluorescent reactions might also be caused by cross-reaction with 
antibodies to concomitant infections and discouraged the use of P. 
gal linaceuni antigens for testing human serum. 	The ability to culture 
P. falciparum has now made available large amounts of antigen suitable 
for use in lEA (Hall et al., 1978). 
In view of the high inter-species cross-reactivity it is 	surprising 
to find a lack of evidence of strain-specific antigens detected by lEA 
(Tobie et al., 1962; Voller, 1962). 	However, Collins et al. (1970) 
did claim to find statistically significant differences in cross-reactions 
between fifteen strains of the simian parasite, P. inui. 
In this study the lEA detected antigenic similarities between blood 
form parasites of P. yoelii, P. berghei, P. vinckei and P. chabaudi, 
supporting the work of El-Nahal (1967) and Cox and Turner (1970). 
Serum raised in mice against P.y. yoelii line A l  did not differentiate 
between P.y. yoelii, P.y. nigeriensis and P. berghei or between P. vinckei 
and P. chabaudi but reacted less well with the latter two species than 
the former two. 	The sera raised in rabbits against 3 lines of P. 
yoelii could neither distinguish between the species nor between the 
sub-species, despite their high titre. 
It is possible that antibodies produced by the infected animals 
from which the antigen preparations were made could adhere to the para-
sites and produce a high 'background' staining of parasites in the IFA, 
thus obscuring antigenic differences. 	However, the mice used for 
antigen preparation were bled early in the infection (days 4-7) to 
avoid this problem. 	Controls, in which the antigens were incubated 
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with PBS or a dilution of normal mouse or rabbit serum, as relevant, 
prior to incubation with conjugated antibody were included on every 
slide. These would have detected the presence of antibody attached 
to the parasites. 
Each of 7 rabbits immunised by El-Nahal was able to distinguish 
parasites of the 2 groups by IFA, while none of the 3 serum pools (2 
of 6 and 1 of 3 rabbits) in this study did so. 	It is possible that 
the immunisation regime is responsible for the difference in sensitivity 
of the sera. 	The rabbits used by El-Nahal were immunised with lyo- 
philised soluble material in 4 weekly doses comprising 2 foot-pad 
inoculations with Freunds incomplete adjuvant and 2 s.c. injections 
without adjuvant. 	The maximum titre attained by any of these rabbit 
sera with homologous antigen was 1:640. 	The animals in the present 
study, immunised with live parasites either s.c. with B. pertussis 
and Freunds complete adjuvant (R 1 -A, R 1 -D) or s.c. with B. pertussis 
and i.v. without adjuvant (R-YM)(Section 5.2.2), produced a higher 
overall reaction (maximum titres 1 in 6,400, 1 in 6,400, 1 in 25,600 
respectively) which appears to be less specific. 	However, both 
common antigens and specific P. yoelii antigens were detected by R-YM 
serum on iriinunoelectrophoresis (Section 12). 
15.3. 	Stage specificity of malarial antigens detected by lEA. 
Immunofluoresence studies have shown that the different develop-
mental stages of a single malaria species possess common antigens. 
Antisporozoite antisera have been shown to react not only with sporo-
zoites (Corradetti et al., 1964) but also with malaria infected red 
blood cells (Ingram et al., 1961); El-Nahal, 1967; Golenser et al., 
1977). 	Antisera raised against blood form parasites have also been 
shown to react with sporozoites (Sodeman & Jeffery, 1964; Golenser 
et al., 1977). 
It has been shown in P. berghei and P. knowlesi that antigens 
common to sporozoites and blood stages are not exposed on viable 
sporozoites, but only detected when the parasites have been air-dried 
and frozen prior to reaction with antiserum (Nardin and Nussenzweig, 
1978). 	The same authors also reported that immunisation with intact 
irradiated sporozoites produced predominantly stage specific antibodies. 
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Results of experiments in this study (Section 14.2.1) show that 
sera raised in rabbits against sporozoites of P.y. yoelii or P.Y. 
nigeriensis cross-react with blood stages of P. yoelii, P. berghei, 
P. vinckei and P. chabaudi, supporting the findings of El-Nahal (1967). 
The endpoint titres were similar with all the species but were 3 or 4 
doubling dilutions lower than the reaction with homologous sporozoites, 
suggesting that both sporozoite specific antigens and antigens common 
to blood form parasites have been recognised. 
Comparisons between endpoint titres determined on slides of 
sporozoite and blood form antigens must be made with caution because 
of the different amounts of antigen likely to be present on each slide. 
However, a difference of the magnitude seen here is unlikely to have 
been caused solely by variation in the total amount of antigen present. 
An explanation for the significant amount of antibody directed 
against common antigens produced by animals in this study, despite 
immunisation with intact 	 sporozoites, may lie in the choice 
of animal for immunisation. Nardin and Nussenzweig produced their 
sera in animals which are highly susceptible to malarial infection 
(i.e. mice immunised with P. berghei and monkeys immunised with P. 
knowlesi). 	Rabbits are not susceptible to P. yoelii. 	It appears 	that 
animals immunised with sporozoites of a malarial species to which they 
are susceptible, as in the examples above or man immunised with P. vivax 
(Shortt & Garnham, 1948) produce antibodies which do not cross-react 
with blood stages. 	Animals immunised with a species to which they 
are not susceptible, e.g. rabbits with avian (Ingram et al., 1961) or 
rodent malarias (El-Nahal, 1967; Bawden et al., 1979; Section 14.2) 
produce antibodies to common antigens. 	Bawderi et al. (1979) also 
suggest that the route of immunisation may be important in the production 
of sporozoite specific antibodies. 
The highly specific technique of monoclonal antibody production 
has recently been applied to the study of stage-specificity of rodent 
malarial antigens. 	A single monoclonal antibody raised against P. 
berghei sporozoites has been shown to be stage-specific (Yoshida et al., 
1980) and five monoclonal antibodies raised against P. yoelii blood 
forms have been studied by Freeman et al. (1980) using the lEA. 	Two 
of these reacted with the membranes of infected cells, two with all 
intraerythrocytic parasites and one antibody reacted only with merozoites, 
either free or in mature schizonts. 
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16. 	The Study of Precipitating Antigens in Malaria. 
16.1. 	Development of imunoprecipitation techniques. 
Many studies using electrophoretic techniques have investigated 
the protein composition of malaria parasites. 	The earliest studies, 
using filter paper or starch gel electrophoresis identified only 2-6 
bands of protein (Morrison & Jeskey, 1947; Sherman & Hull, 1960; 
Sherman, 1964; Williamson, 1967). 	Polyacrylamide gel electrophoresis 
(PAGE) identified many more (Sodeman & Meuwissen, 1966; Chavin, 1966; 
Spira & Zuckerman, 1966; Finerty & Dimopoulos,, 1968; Gourlay et al., 
1970; Weidekanim et al., 1973; Hamburger & Zuckerman, 1976a,b; 
Kreier et al., 1976; Kilejian & Jensen, 1977; Kónigk & Mirtsch, 1977; 
Wallach & Conley, 1977; Schmidt-Ullrich et al., 1979a; Vuthavong et al., 
1979). 	However, separation of the parasites from the surrounding blood 
cell membrane was incomplete (Cook et al., 1969; reviewed by Kreier, 
1977) and it was difficult to be certain which bands were of host and 
which of parasite origin. 
The combination of in vitro metabolic radio-isotope labelling of 
parasite proteins with PAGE has facilitated the detection of true 
parasite proteins (McColm et al., 1977; Howard et al., 1980; Miller 
et al., 1980; Tait, 1981). 	Ilan et al. (1977) resolved 1000 poly- 
peptides of P. berghei by autoradiography and two-dimensional polyacry-
lamide gel electrophoresis. 
The resolution of proteins by these methods does not, however, 
yield any information as to whether they are antigenic or immunogenic. 
Various precipitation tests have been used to detect precipitable anti-
gens (precipitinogens) and their corresponding antibodies (precipitins). 
The earliest successful experiment, carried out by Pewny (1918) demon-
strated a precipitin reaction between the serum of patients suffering 
P. falciparurn infection and a saline extract of malarious blood. 
Taliaferro and Taliaferro (1928),. and Row (1931) employed the same 
single-diffusion technique to study malarial antigens. 
Research on the antigens of malaria then remained dormant until 
after the publication of the technique of double-diffusion in agar by 
Ouchterlony (1949). 	Double-diffusion has since been used frequently 
to study malarial parasites of rodents (Spira & Zuckerman, 1962, 1966; 
Chavin, 1966; Diggs, 1966; Zuckerman et al., 1969; Oxbrow, 1972) and 
primates (Collins et al., 1977; McColm & Trigg, 1981), allowing antigens 
to be more clearly defined and compared. 	Although it is less dis- 
criminating than ininunoelectrophoretic techniques, it requires only 
small amounts of antigen and antibody and it has been particularly use-
ful in the study of serum antigens and antibodies from patients with 
P. falciparum infections (McGregor et al., 1966; Wilson et al., 1969; 
reviewed by Wilson, 1981). 
The first immunoelectrophoretic analysis of malaria was carried 
out by Spira and Zuckerman (1962) on P. vinckei. 	Electrophoretic 
separation of the proteins before their diffusion against antiserum 
allowed more antigens to be visualised. 	Electrophoresis of antigens 
into serum-containing gels, with or without prior electrophoretic 
separation of proteins (crossed- and rocket-imunoelectrophoresis res-
pectively) has superseded the original electrophoresis because it 
facilitates clearer interpretation of the relationships between antigens 
and because it is faster to perform (Deans et al., 1978; Deans & Cohen, 
1979; Schmidt-Ullrich et al., 1979b, Jepsen & Axelsen, 1980). 
Antibodies capable of forming precipitate with antigens of blood 
stage malaria parasites have been detected in the serum of a wide 
variety of hosts (reviewed by Zuckerman et al., 1969). 	Rabbits are 
not susceptible to malarial infection but form high titres of precip- 
itins against malarial antigens. 	Sera from rats infected with, con- 
valescing from or hyperirrmunised with rodent malaria, from monkeys 
immune to simian malaria and from chicks recovering from infection with 
P. gallinaceum, have all been shown to contain anti-malarial precipitins. 
16.2. 	Antigenic analysis of plasmodia. 
16.2.1. 	Analysis of rodent and simian malaria parasites. 
The few attempts to differentiate variant-specific antigens of 
plasmodia by electrophoretic techniques have yielded disappointing 
results. 	Early inmunoelectrophoretic work (Spira and Zuckerman, 1962; 
Zuckerman and Spira, 1963) detected 6 bands of precipitate with each of 
P. berghei and P. vinckei when tested with homologous rabbit antisera. 
One antigen appeared to be specific to P. vinckei. 	An inirnunoelectro- 
phoretic comparison between P. berghei and several strains of P. yoelii 
(Oxbrow, 1972) detected five common antigens, using sera raised in 
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rabbits, but some of these antigens may have been attributable to 
mouse erythrocytes. 	Schmidt-Ullrich et al. (1979b)obtained more than 
20 precipitates on CIE using triton-solubilised schizonts of P. knowlesi 
but were unable to detect qualitative differences in the antigens of 
the Malaysian and Phillipine strains of the parasite, although they 
did detect minor quantitative differences. 	McColm and Trigg (1981) 
were also unable to differentiate strains of P. knowlesi using 
double-diffusion. 
Although strain differentiation has proved difficult, antigens 
specific to certain stages of the erythrocytic infection have been de-
tected by CIE (Deans et al., 1978; Deans & Cohen, 1979). 	A total of 
11 precipitates were formed between P. knowlesi antigens and sera raised 
in rhesus monkeys by merozoite vaccination and subsequent challenge. 
Nine antigens were present on rings, trophozoites and schizonts and 
the other two were stage specific. 	One was formed as the parasite 
matured from the ring to the trophozoite stage and the other was re- 
stricted to segmented schizonts and merozoites. 	Both of these anti- 
gens were expressed on the outer surface of infected red cells and 
contained lipid but not carbohydrate. 	Schmidt-Ullrich et al. (1979a) 
also detected three parasite-induced antigens specific to membranes 
of cells infected with P. knowlesi schizonts. 
The analysis of in vitro-synthesised P. knowlesi proteins carried 
out by McColm et al. (1980) failed to detect stage-specific proteins 
and no parasite-synthesised proteins were observed on the host cell 
membranes. 	This suggests that either the stage-specific antigens de- 
tected by Deans et al. and the membrane-associated proteins of Schmidt-
Ullrich et al. were not labelled with the 3H-isoleucine used by McColm 
et al. or that they were altered host erythrocyte proteins. 
16.2.2. 	Analysis of human malaria parasites. 
Sera from humans living in endemic malarious areas have been used 
as a source, both of malarial precipitins and of soluble precipitinogens 
(McGregor et al., 1966; Wilson et al., 1969; reviewed by Wilson, 1981). 
Wilson and colleagues have classified soluble precipitinogens into three 
groups according to their heat stability (Wilson et al., 1969). Anti-
gens which survive heating to 100 °C for 5 minutes are designated S- 
(stable) antigens, antigens destroyed or precipitated by heating at 
560C for 30 minutes are called L-antigens (labile) and those stable 
at 560C but destroyed at 100 °C are designated R-antigens (resistant). 
S-antigens are serologically diverse although only a few occur 
in each parasitaemic episode. 	Cross-reactions have been detected 
between S-antigens from widely differing geographical areas (Nigeria, 
The Gambia, Brazil, Uganda and New Guinea)(Wilson, 1981), but were 
poorly immunogenic (Wilson & Ling, 1979). 	L-antigens have a limited 
range of specificity but are highly immunogenic. 	R-antigen was de- 
tected in the serum of one immune adult. 
Different S-antigens are detected in separate malarial attacks 
in individual patients and sets of S-antigens appear to characterise 
an isolate (Wilson etal.1975). 	The two main S-antigens of the Ugandan 
Palo Alto strain of P. falciparum remained unchanged through passage 
in Aotus monkeys, culture, partially immune Aotus monkeys, splen-
ectomised squirrel monkeys, further culture and finally a normal 
squirrel monkey (Wilson, 1980). 	This is strong evidence for the 
genetic stability of S-antigens and it is possible, as the author 
suggests, that these antigens might be suitable for serotyping P. 
falciparum infections. 
Jepsen and Axelsen (1980) have surveyed soluble antigens of P. 
falciparum using irnmunoelectrophoretic techniques along with imuno-
diffusion. 	Plasma samples from 53 Liberian patients carrying patent 
parasitaemias were tested against a single adult immune serum using 
fused-rocket iminunoelectrophoresis (Svensden, 1973) and up to 2 
antigens detected, according to increasing parasitaemia. 	The two 
antigens were heterogeneous but appeared to be an R- and an S-antigen. 
Soluble antigens in culture medium from reinvading P. knowlesi 
parasites have also been detected. 	McColm and Trigg (1981) observed 
two antigens (band-i and band-2) in culture fluid tested against serum 
raised in monkeys against P. knowlesi schizonts. 	Band-1 shared 
temperature stability characteristics with the R-antigens of P. 
falciparum and band-2 with the L-antigens. 	Plasma from heavily 
infected rhesus monkeys also contained band-1 antigens but band-2 were 
not detected. 
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16.2.3. 	The contribution of monoclonal antibodies. 
Hybridoma technology has recently been successfully applied to 
the study of malaria antigens. 	Nussenzweig and colleagues pioneered 
this work with their discovery of a protective monoclonal antibody 
against P. berghei sporozoites (Potocnjak et al., 1980). 	Several 
accounts have also been recently published on the production of mono-
clonal antibodies directed against blood form parasites of rodent 
(Freeman et al., 1980: Kim etal., 1980; Holder & Freeman, 1981; 
Taylor et al., 1981), simian (Epstein et al., 1981) and human malaria 
(Perrin et al., 1981). 	The antibodies cover a wide range of specific- 
ities but some of them have been found to protect mice from infection 
(Freeman et al., 1980; Taylor et al., 1981) and to inhibit merozoite 
invasion in vitro (Epstein et al., 1981). 
An important, and very recent, development, is that of the puri-
fication of a protective parasite antigen using monoclonal antibodies. 
Holder and Freeman,(1981) have isolated two proteins (M.W. 230,000 and 
235,000) from P.y. yoelii line YM which, when injected into mice, pro-
tects the animals from a normally lethal YM challenge, reducing the 
parasitaemia to a maximum of 15%. 	Protection was achieved with the 
use of Freunds Complete Adjuvant but it is to be hoped that a safer 
adjuvant could be substituted. 	The only other report, to date, of 
successful ininunisation using a chemically characterised antigen was 
that of Kilejian (1978) who protected ducklings against P. lophurae by 
inoculation of a histidine-rich parasite protein. 	This work was 
particularly encouraging as protection was achieved without the use 
of adjuvant and suggests that a similar result might be possible with 
an antigen identified and purified using monoclonal antibodies. 
16.2.4. 	Precipitating antigens and protection 
Soluble precipitinogens, which when used to immunise animals con-
fer a limited degree of protection, have been detected in P. knowlesi 
(Collins et al., 1977) and P. berghei (Hamburger & Zuckerman, 1976b; 
Weissberger et al., 1979). 	However conflicting results have been re- 
ported by Poels et al. (1978) who found that soluble antigen of P. 
berghei produced a good antibody response in mice but was not protective. 
There is evidence that parasite-induced antigens associated with 
host cell membranes are protective. 	Parasite precipitinogens have 
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been detected on the membranes of P. knowlesi -infected cells (Deans 
et al., 1978; Schmidt-Ullrich & Wallach, 1978; Deans & Cohen, 1979; 
Schmidt-Ullrich et al. (1979b). Schmidt-Ullrich et al. (1979b) detected 
at least 7 parasite-induced membrane antigens but only one was detected 
in the serum of immune monkeys after challenge and they suggest that 
this antigen might be protective. 	Wilson and Ling (1979) have also 
found an association between the highly immunogenic L-antigens of P. 
falciparum and the host cell membrane. 
Poels et al., (1978) have detected parasite-induced antigens in 
the membranes of reticulocytes, but not oxyphilic cells, infected with 
P. berghei. 	They correlated the presence of these antigens with 
their observation that immunisation with parasitised reticulocytes 
produced protection, whereas similar immunisation with oxyphilic cells 
did not. 
The frequent observation of precipitins in the blood of animals 
and humans with patent infections demonstrates that not all precipitating 
antibodies are protective; however, there is circumstantial evidence 
that they may be involved in protection. 	Zuckerman etal. (1969) 
quoting unpublished data of Kuperman (1966) report that in a mouse 
strain which normally succumbs to malarial infection if untreated, pre-
cipitins are not demonstrable. 	However, if PABA is withdrawn the mice 
recover and precipitin appears in the serum. 
Hamburger and Zuckerman (1976a,b; 1978) have studied the irruiuno-
chemical and iminunobiological properties of fractions of a soluble 
extract of P. berghei obtained by preparative disc electrophoresis. 
They found that the major protein component of P. berghei was precipit-
ogenic in rats and did not cross-react with P. vinckei. 	Immunisation 
with fractions containing this protein produced a limited degree of 
protection or enhancement of infection. 
McGregor (1966)(reported as a personal communication to Zuckerman 
et al., 1969) found that the occurrence of precipitin and protection 
followed a similar, non-linear course in human malaria and Zuckerman 
et al. (1969) themselves observed that precipitin appeared around para-
site crisis in 18 out of 33 P. berghei-infected rats. 	Demonstrable 
precipitin disappeared shortly before relapse in 6 out of 9 rats and 
reappeared after termination of relapse and re-establishment of latency 
in all 6 rats. 
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It should be remembered, when considering such results, that 
precipitation tests, especially double-diffusion, are not particularly 
sensitive and low levels of precipitin could be present undetected. 
Passive transfer of sera containing precipitins has been found to 
confer protection against rodent malaria (Golenser et al., 1975; 
Hamburger & Kreier, 1975) but the antibodies conferring protection need 
not be the precipitins. 
Variant-specific antigens have been relatively neglected in the 
literature on malarial antigens considering their potential importance 
in protection and immunisation. 	Variation between parasites of 
different relapse infections of P. knowlesi was demonstrated using the 
schizont agglutination test (Brown & Brown, 1965; Brown et al., 1968). 
This test has not been successfully applied to any other malarial 
species. 	However, some evidence for antigenic variation in rodent 
malaria was found by Cox (1959) who showed that mice with induced 
latent P. berghei infection were more susceptible to challenge with 
relapse infections than with parasites from the original infection. 
Sadun et al. (1966) found that protection of chimpanzees against 
P. falciparum, both by immunisation and by passive transfer of immune 
gamma globulin, was specific to parasites from one geographical area. 
Variant-specific in vitro merozoite inhibition has also been demonstrated 
in P. knowlesi (Butcher & Cohen, 1972) and recently, variant-specific 
antigens have been detected on the surface of simian red blood cells 
infected with P. knowlesi schizonts by lEA of viable cells and by 
electron microscopy using ferritin-labelled antisera ( 
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16.3. 	Immunoelectrophoresis. 
16.3.1. 	Development of the technique. 
Imunoelectrophoresis is a sensitive technique for the analysis 
of mixtures of antigens. 	It evolved from the immunodiffusion technique 
of Ouchterlony (1949) in which samples of antigen and antibody diffuse 
through agar gels, complexing with each other to form arcs of precipitate. 
Reactions of antigenic identity, partial identity and non-identity can 
be observed with this technique but if more than a few antigens are 
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present the arcs merge and interpretation becomes difficult. 
Grabar and Williams (1953) increased the sensitivity of the test, 
allowing more antigens to be detected, by separating the proteins 
electrophoretically before allowing them to come into contact with 
serum by diffusion. 
In 1960 Ressler published the first account of two-dimensional 
immunoelectrophoresis. 	He separated human serum proteins electro- 
phoretically on starch gel and then electrophoresed them into an 'agar- 
stabilised buffer' containing antiserum. 	The resulting 'two-dimensional 
immuno-electropherogram' showed the reaction of individual antigens as 
arcs or peaks of precipitate, although most were diffuse or distorted. 
Laurell (1965) improved on Ressler's technique resulting in pre-
cipitates which were much more clearly defined. 	With Laurell 
crossed immunoelectrophoresis (CIE) it became possible to determine the 
number of precipitable antigens (precipitinogens) in a sample and to 
compare them with antigens in other samples. 	Relative amounts of 
antigen can be measured with reference to a standard antiserum using 
rocket imunoelectrophoresis (Weeke, 1973) for a single antigen or CIE 
if several antigens are to be measured (Clarke & Freeman, 1966, 1968).. 
These authors found that the area under each individual protein peak 
was proportional to the concentration of that protein in the antigen 
studied, and inversely proportional to the concentration of the anti-
body to that protein in the antiserum used. 
Complex mixtures of antigens can be compared using CIE, for 
example Mycobacterium bovis (Closs et al., 1980) and the system has been 
usefully applied to the malarial system (Deans et al., 1978; Schmidt-
Ulirich et al., 1979b). In this study antigens in separate malarial 
samples were compared by mixing the preparations before electrophoresis 
and by the use of Tandem-crossed imunoelectrophoresis (KrØll, 1973). 
In this modification of the basic CIE two samples are run simultaneously 
with the application wells placed in such a way that the arcs formed by 
related proteins from the two samples fuse to form double peaks. 
Absorptions of antigens and antibodies were also carried out (Section 
9.2,3). 
Reactions of identity, non-identity and partial identity were ob-
served. A reaction of identity is characterised by total fusion of 
precipitates, identical precipitate morphology and identical 
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electrophoretic mobility (Axelsen et al., 1973). 	In a reaction of 
non-identity two precipitates cross each other without fusing and 
without distortion of either precipitate, resulting in the formation 
of a double spur. 	A reaction of partial identity is characterised by 
the partial fusion of precipitates with the formation of a single spur 
(Illustrated in Fig. 6). 	When antigens are closely related a slight 
spur with parallel displacement is seen. 	When antigens are remotely 
related the spur is pronounced and without parallel displacement 
(Bock & Axelsen, 1972; Axelsen & Bock, 1973). 
16.3.2. 	Problems in interpreting the results of crossed imuno- 
electrophoresi s. 
Reactions of partial identity, especially between two antigens 
of unknown composition, must be interpreted with care since certain 
artifacts may produce a similar pattern. Numerous artifacts may be 
caused by partially degraded proteins. 	Bjerrum and BØg-Hansen (1975) 
reported the formation of 'flying' or unending precipitates, split 
precipitates and shouldered and double-peaked precipitates when they 
subjected trypsin-degraded human serum to CIE. 	All of these reactions 
could be wrongly interpreted as reactions of partial identity, espec- 
ially if some of the arcs were diffuse. 	The same authors found ex- 
tensive protein degradation when Berol solubilised human erythrocyte 
membranes were allowed to degrade 'naturally'. 	This degradation was 
not inhibited by many of the common proteolytic inhibitors, including 
PMSF and EDTA but could be considerably reduced by removal of white 
blood cells, the performance of washing and solubilisation at 5 °C and 
storage of solubilised material at -200 C. 
There was little evidence of proteolytic degradation in the arcs 
formed by major antigens in this study and the preparation and solubil-
isation of some antigens in the presence of PMSF and EDTA had very 
little effect on the final results. 	A relative quantitative difference 
observed in two of the antigens under these conditions is discussed in 
Section 16.5.1. 	The white blood cells were removed from the prepar- 
ation and all the washing was carried out at 4 °C. 	Antigen samples were 
stored at -70°C, thawed once and solubilisation performed, at room 
temperature, immediately before use. 
Proteolytic activity may also be present in antibody preparations. 
Bjerrum etal.(1975) found that extra precipitin arcs of congruent 
shape were formed when spectrin, a major protein of human (and mouse) 
erythrocyte membranes, was degraded by plasmin. 	This effect was 
abolished by the addition of aprotinin to the antibody preparation. 
Addition of aprotinin to two of the antisera in this study did not 
alter the resulting CIE pattern. 	In serum plasmin is mainly bound to 
2-macrog1obu1in and in this state is not active against most high 
molecular weight substances. 	All the experiments in my study were 
carried out using whole serum, so little proteolytic activity might be 
expected from that source. 
Cautious interpretation of reactions of partial identity between 
antigens of differing electrophoretic mobility was advocated by 
Danielsen et al. (1977) and Negassi et al. (1978). 	They found that 
two proteins which were antigenically identical, but differed in their 
electrophoretic mobility, could react to form a single spur in fused- 
rocket or tandem electrophoresis. 	(Two partially identical antigens 
could also form false reactions of non-identity, See Fig. 41). 	Their 
explanation of this phenomenon was that the faster migrating antigen 
was first to reach and complex with the antibody molecules and when 
the slower-migrating antigens later entered the antibody-containing 
gel they were not able to entirely redissolve the already formed pre- 
cipitate. 	As a result the arc formed by the faster antigen continued 
below the points of fusion of the two arcs. 	Therefore spurs formed by 
antigens with slower electrophoretic mobility can be regarded as true 
spurs but those formed by the faster antigens should be verified, for 
example by placing the slower antigen nearer the antibody-containing gel. 
Mixtures bring into contact antigens with similar electrophoretic 
mobility from separate samples. 	Tandem electrophoresis is useful be- 
cause it brings into contact antigens which because of their electro-
phoretic mobility would otherwise not be close enough to react. 
However, even when the antigens are brought into contact, it may 
not be possible to draw definite conclusions about their relationship 
because one or both of the arcs may not be clear enough. 	The clarity 
of the arc depends on the amount of antigen and antibody present and 
the affinity of the antibody. 	The amount of antigen and antibody in 
FIGURE 41. 
Interpretation of reactions of partial identity between 
antigens of differing electrophoretic mobility. 
Figures and text from Negassi et al. (1978). 
Single arrows denote true spurs, double arrows false spurs. 
Tandem-CIE with 3ul human serum in the antigen wells. 
(A) Model experiment with false spur. 	The antigen wells 
were placed diagonally with a vertical and horizontal 
distance of 4 and 5mm respectively. 	The concentration 
of anti-human albumin antibodies was 3.750/cm 4 . 	Note 
that the false spur is formed by the albumin which comes 
from the antigen well nearest to the antibody-containing 
gel; the well is on the left. 	(B) The antigen well 
nearest to the antibody-containing gel is on the right. 
Note that the false spur points the other way. 	(C) Line 
of identity when the antigen wells were punched on the 
same horizontal line. 
Tandem CIE of 3.il human serum diluted 1:20 and armadillo 
serum diluted 1:80. 	(A) Model for false spurs between 
partially identical antigens: the antigen wells were 
placed as in Figure A, and armadillo serum was added to 
the well nearest to the antibody-containing gel; the well 
is on the left. 	Note the slight deflection of the true 
human albumin spur. 	(B) The antigen well containing 
armadillo serum is on the right. 	(C) True partial identity 
between human and armadillo albumin with a single undeflected 
human spur. 	Both antigen wells were punched 4mm from the 
intermediate gel. 
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the gel can be manipulated to show any one reaction as clearly as 
possible but when two or more antigens are being studied a compromise 
must be reached since the optimal conditions for precipitation of one 
antigen may be unfavourable for another. 
16.4. 	Comparison of P.y. yoelii and P.y. nigeriensis using crossed 
immunoel ectrophoresi s. 
16.4.1. 	A general comparison 
Blood form parasites of P.y. yoelii line A l 
 and P.y. nigeriensis 
line Dl  were compared by CIE. 	Mice generally do not produce good pre- 
cipitating antibodies. 	However, sera raised against rodent plasmodia 
in mice will contain only parasite-induced antibodies, whereas those 
raised in other hosts contain additional antibodies against rodent 
erythrocytes. 	The pooled serum from C57 black mice hyperimmunised 
with line A 1 parasites (M-A) formed only 2 or 3 arcs of precipitate 
with each antigen and some of these were indistinct. 	Rabbit antisera 
produced more clearly defined arcs and were employed throughout the 
rest of the study using relevant controls for anti-host cell antibody. 
Pools of rabbit serum raised against line A 1 (R1 -A, R2 -A), line 
YM (R-YM) and line D. (R 1 -D) precipitated up to 12 arcs with antigen 
of each line. Precipitins also formed against mouse erthrocyte anti- 
gens, up to five arcs being formed on control gels. 	The control anti- 
gen used in most experiments was obtained from phenylhydrazine treated 
uninfected mice with a reticulocyte count of around 50%. 	As line A 
parasites were predominantly in reticulocytes and line D parasites in 
mature cells antibodies against both types of mouse erythrocyte were 
expected in the different antisera. 	Antigen containing reticulocytes 
and mature cells was employed as control in an attempt to detect all 
of these antibodies. 	The number of red cell ghosts applied to each 
control gel was approximately twice the estimated number of parasitised 
cells used in the rest of the experiment, to allow for unparasitised 
ghosts contaminating the parasite preparations. 
Deans et al. (1978) used CIE to identify antigens of the simian 
malaria parasite, P. knowlesi. Eleven major and several minor parasite 
antigens were detected using sera from immune monkeys. 	In my study 
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twelve antigens were detected in P. yoelii by antisera raised in 
rabbits but up to five of these may have been antigens of normal 
mouse erythrocytes. 	Two of the P. knowlesi antigens were found to be 
dependent on the stage of maturation of the parasite in the red blood 
cell; one was absent from ring stages and the other present only in 
segmented schizonts and merozoites. 	The other antigens were common 
to all stages but varied in quantity. No attempt was made in this 
study to separate the different intra-erythrocytic stages of the 
parasites. 
Deans et al. (1978) also found that only six of the eleven anti-
gens were detectable on the membrane of schizont-infected erythrocytes. 
The two major antigens of P. yoelii did not appear to be expressed on 
the membrane of erythrocytes infected with line D 2 . 
16.4.2. 	Absorption of common antigens and antibodies. 
The reactions of all the pooled sera indicated that most or all 
of the parasite antigens detected were common to line A 1 and line D., 
although some varied in quantity. 	However, the detection of a large 
number of antigens, some of which formed indistinct arcs, made it 
possible that specific antigens could be masked by common arcs. Ab-
sorption experiments were undertaken to explore this possibility 
(Sections 9.2, 9.3). 
The presence of antibody to the heterologous antigen in the first 
dimension electrophoresis resulted in the absorption of common antigens 
and a reduction in the number of arcs in the second dimension. 	All 
the arcs formed in the second dimension were found to be caused by host 
antigen insufficiently absorbed. 	These results indicated the highly 
immunogenic nature of the host cell membrane contaminants of the 
immunising antigen and the requirement for rigorous controls against 
anti-erythrocyte antibodies in this technique. 
A disadvantage of absorption of antigens in the first dimension is 
that large molecules might carry two or more antigenic sites. 	If one 
site was common the molecule could be precipitated irrespective of the 
specificity of other sites and specific antigens might not be detected. 
For this reason antibodies to common antigens were absorbed from the 
sera before its inclusion in the second dimension. 	No arcs specific 
to line Al  were detected but two faint arcs which appeared to be 
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specific to line D i 
 were observed. 
It appears from this work and from the IFA study (Sections 7, 8) 
that the majority of the antigens of the two lines are common. 
Oxbrow (1972, 1973) found that immunisation of mice by drug-terminated 
infection with P.y. nigeriensis protected against infection with strain 
17X as well as homologous parasites, but that the reverse was not true. 
This difference was not explained by the virulence of the parasite 
since strain N67 grown in mice without PABA supplement were reduced to 
a virulence similar to that of strain 17X but were still able to 
protect against virulent infection. 
These results would be consistent with the presence in strain 
N67 of a specific protective antigen. 	It is not known whether the 
specific antigens detected in line Di  in the present work are protective. 
Protection tests using serum R 1 -D have not been carried out. 	Deter- 
mination of the protective potential of individual antigens from a 
CIE plate would require removal of the precipitate, dissociation of 
the antigen-antibody complexes and immunisation with the dissociated 
antigen. 	This was not feasible in the present study, mainly because 
the antigens involved precipitated poorly and were not present in large 
amounts. 
16.5. 	A study of the two antigens in P. yoelii 
Two strong precipitin arcs were observed when P. yoelii parasites 
were tested against R-YM serum (Section 10). 	The two antigens were 
common to all the P. yoelii lines tested and were named Antigen-1 
(Ag-1) and Antigen-2 (Ag-2). 	Both antigens were parasite-induced. A 
consistent amount of Ag-2 was present in all lines but Ag-i was present 
in larger quantities, as judged by the area of arc-1, in parasites 
growing in mature erythrocytes, i.e. in virulent lines. 
16.5.1. 	Association of the quantity of Antigen-1 with host cell type. 
The importance of host cell age on the quantity of Ag-i was proved 
by phenyihydrazine treatment of mice prior to infection and by sequential 
bleeding of two virulent lines (Sections 10.1.3, 10.1.4). 	Parasites in 
mature erythrocytes consistently produced arc-i profiles larger than 
those of parasites in reticulocytes. 
Visual comparison of the arcs showed this clearly. 	A statistical 
comparison was also carried out, although this was open to error at 
several places. 	Error could be accumulated in the initial counting 
of parasites before aliquoting the antigen and in loading small 
quantities of antigen and antisera (usually 8il and 5ii respectively). 
However, replicates resembled each other closely and differences as 
large as those in arc-i could not be attributed to sampling error. 
Another important source of error was in the measurement of the area 
under the arcs due to their small area and the use of an arbitrary base 
line. 	Despite this, comparisons between them can be regarded as valid, 
as all the samples were subject to the same errors. 
The statistical analysis supported the visual analysis, showing 
that the area under arc-i did not differ significantly from arc-2 in 
line A1 but did differ in lines YM and D 1 . 	The area under arc-i was 
also found to be greater in line D. than in line YM. 	Counts of per- 
centage infection of reticulocytes in these preparations were not taken 
and it is possible that a significant number of infected reticulocytes 
were present in line YM. 	Alternatively, these quantitative differences 
are not discrete and it is also possible that line YM does not possess 
as much Ag-i as line D 1 . 
Statistical analysis of the areas of arcs-1 and -2 in phenyl-
hydrazine-treated mice showed that none of the areas differed signifi-
cantly, again supporting the visual analysis. 
Similar amounts of Ag-i and Ag-2 were detected in lines A 1 and A2 
and in both lines of P.y. nigeriensis. 	However, a difference in the 
relative amounts of Ag-i and Ag-2 was seen in the sample of line A 2 
prepared in the presence of proteolytic inhibitors (Section 10.3.1). 
The possibility that enzymes present in the reticulocytes were causing 
degradation of Ag-i in line A during preparation and therefore causing 
less to be detected in the CIE pattern of the 'mild' lines than of lines 
YM and D, which inhabit mature cells, was investigated. 	The possibi- 
lity had to be considered since lines D and YM grown in reticulocytes 
showed a level of Ag-i similar to that of line A. 	Contamination of 
parasite preparations with host enzymes has been previously reported 
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(Tsukamoto, 1974) and immature erythrocytes have been shown to con-
tain higher levels of proteolytic enzymes than mature ones (Ellis et 
al., 1956). 
When samples of lines A 2 , D2 and YM were incubated with reticulo-
cyte lystate for up to 1 hour at 37°C in the presence of Triton-X-100 
or before solubilisation, the characteristic CIE patterns of Ag-i and 
-2 were still observed. 	It is possible that one of the proteolytic 
inhibitors complexed to either of the antigens, which could themselves 
be enzymes, and inhibited the binding of antibody, thereby altering 
the amount detected in CIE. 
Host leucocytes were removed during antigen preparation and host 
reticulocyte enzymes have been shown to be inactive against Ag-i and -2 
under the experimental conditions employed. 	However, the parasites 
themselves have been shown to contain proteolytic enzymes (Cook et al., 
1961) and it is possible that different levels of enzyme in different 
parasite strains could act on host protein to produce quantitative 
differences in CIE patterns. 
Yuthavong et al. (1979) studied the effect of parasite-specific 
proteinase on normal mouse erythrocyte membranes by incubating them with 
freeze-dried P. berghei homogenate and comparing the resulting SDS-PAGE 
bands with those from parasitised erythrocytes. 	The patterns did not 
correspond and the authors concluded that if alterations in membrane 
proteins observed in infected cells were attributable to parasite 
proteinases then the process of breakdown in intact parasitised cells 
must be different from that produced by in vitro incubation. 
However, it is unlikely that Ag-i is of host origin because of its 
different mobility in lines of P.y. yoelii and P.y. nigeriensis grown 
in the same host-cell type. 	Even if the observed quantitative differ- 
ences in Ag-i were proved to be caused by parasite proteinases they 
would remain valid genetic markers because of their stability. 
It may be concluded that Ag-i is present in larger amounts in 
parasites growing in mature cells than in those in reticulocytes. It 
is interesting that not only the Nigerian virulent parasite, but also 
two independent cases of mutation of a mild Central African line to 
virulence, line YM (Yoeii et al., 1975) and line A 3 (Section 3.1.1) 
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should show this characteristic pattern of Ag-l. 	This implies that 
Ag-i is related to the ability of parasites to grow in mature cells. 
The function of this antigen, however, is unknown. 	It may be of 
nutritional significance, for example allowing synthesis or metabolism 
of some vital nutrient lacking in mature cells but readily available in 
reticulocytes. 	Irrespective of its function, Ag-i is unlikely to be 
protective as it is found in a wide variety of parasite species which 
do not mutually cross-protect (discussed in Section 16.6). 
16.5.2. 	The electrophoretic mobility of Antigen-1 
The electrophoretic mobility of Ag-i was also found to vary, with 
respect to Ag-2 which was constant, as determined by its distance from 
the origin in the first dimension electrophoresis. Lines A l . A2 , A 3 
and YM all showed the forward (F) position of Ag-i and lines D 1 . D 2 the 
backward (B). This difference was consistent with all the rabbit sera 
tested and was stable through many mosquito- and blood-passages. 
The precise distances of the two antigens from the origin have not 
been given. 	In a miniature system such as the one used in this study 
errors in measurement could constitute a significant percentage of the 
total distance. 	The exact position of each antigen differs slightly 
from run to run and this would also make arithmetic measurements mis- 
leading. 	Four gels were run on each electrophoresis tank and two 
tanks supplied by one power pack. 	Whenever possible comparisons were 
made between gels run on a single day and usually using the same tank. 
If the mobility of Ag-i was being measured in isolation this visual 
analysis would be unsatisfactory, but as it is always compared with 
that of Ag-2, which is in effect an internal control for the system, 
the visual analysis is convincing. 
16.5.3. 	Characterisation of Antigens-1 and -2. 
Some preliminary experiments were carried out to characterise 
further 	Ag-i and -2. 	Sudan black staining showed that neither 
antigen contained lipid. Unstained rocket electrophoresis plates were 
overlaid with starch gel containing enzyme stains specific for six 
enzymes commonly assayed in this laboratory. 	No staining of Ag-i or -2 
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was observed. 
When serum taken from infected mice before peak parasitaemias 
was used as antigen against sera R 1 -A and R1 -D, parasite antigens were 
detected (Section 10.4.1). 	Two parasite-induced antigens were ob- 
served in line D and from the mobility and shape of the precipitate 
arcs they appear to be Ag-i and Ag-2. 	Only one parasite antigen was 
detected in sera of mice infected with line A 1 ; from its mobility it 
was probably Ag-i or Ag-2. 
The presence of the antigens in the serum suggests that they are 
either released by the parasite during the erythrocytic cycle or that 
they are loosely attached to the surface of the parasitised cells. It 
is unlikely that the antigens detected had been released by immuno-
logical destruction of the parasites as the sera were collected early 
in the infections (days 4 or 5) and during a period of rising parasitaemia. 
A preliminary experiment was carried out to determine whether Ag-i 
and -2 were located on the surface of infected cells. 	Serum R-YM was 
complement inactivated and extensively absorbed with whole parasitised 
cells of line D 21  predominantly parasitised mature erythrocytes. Visual 
analysis of CIE gels performed with this absorbed serum showed that 
antibodies against Ag-i and -2 had not been absorbed and therefore Ag-i 
and -2 are not expressed on the external surface of mature erythrocytes. 
Poels et al. (1978) detected parasite antigens on the surface of reti- 
culocytes but not mature cells infected with P. berghei. 	However, it 
seems unlikely that if the large amount of Ag-1 present is not detected 
on the surface of mature cells, a small amount would be detectable on 
the reticulocyte surface. 
Heat stability tests, following those of Wilson et al. (1969) 
showed that antigens-1 and -2 both belong to the R-antigen group, sur-
viving 56°C for 30 minutes but destroyed by 100 °C for 5 minutes. One 
of the two soluble antigens of P. knowlesi detected by McColm and Trigg 
(1981) also shared the heat-stability characteristics of R-antigens, as 
did one of the two predominant soluble antigens of P. falciparum de-
tected by Jepsen and Axelsen (1980). 	It is perhaps coincidental that 
two soluble antigens predominate in each of thse experiments, and in 
my own, at least one being an R-antigen. 	It would be interesting to 
know if there is any homology between the antigens. 
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16.5.4. 	Conclusions 
Several conclusions and implications can be drawn from these 
results: 
Antigens-1 and -2 are present in the parasites P.y. yoelii and 
Ly. nigeriensis. 	They are antigenically identical in all 
lines but the molecule carrying the antigenic site(s) of Ag-i 
varies in its electrophoretic mobility between the sub-species, 
for the lines tested. 
Ag-i is produced in larger quantities by parasites growing in 
mature cells than by those in reticulocytes. 
All the above characters are stable through mosquito- and 
blood-passage, storage of viable parasites in liquid nitrogen 
and storage of antigen preparations at -70 °C. 
Ags-1 and -2 are parasite induced. 	The mobility differences 
in Ag-1, irrespective of the age of the host cell, suggest 
that it is synthesised by the parasite. 	Ag-2 may also be 
parasite-synthesised or may be host antigen altered by parasite 
infection. 
Both antigens are highly precipitinogenic in rabbits, being 
detected by every animal despite individual variation in rabbit 
reactions in general. 
Ag-i and -2 appear to be present in the serum of highly infected 
mice and are not exposed on the surface of mature mouse erythro-
cytes. 
Both antigens share heat-resistance characteristics with the R-
antigens of P. falciparum and do not contain detectable lipid. 
Further analysis could be carried out to identify Ag-1 and -2, to 
determine their location and to ascertain whether they are parasite-
synthesised or altered host antigens, as well as to determine whether 
they are protective. 	The information available now, i.e. the position 
of Ag-i in relation to Ag-2 and the correlation of the amount of Ag-i 
detected with parasite growth in mature erythrocytes can be used as 
genetic markers without further analysis. 	Genetic work employing 
these markers is discussed in Section 17. 
16.6. 	Comparison of antigens of P. yoeiii with P. berghei, P. vinckei 
and P. chabaudi by CIE. 
In the previous section it was shown that two sub-species of P. 
yoelii, from widely separated geographical areas, possessed predominantly 
common antigens. 	This survey was extended to study P. yoelii antigens 
common to other species of rodent malaria, namely P. berghei (Isolate 
NK65), P. vinckei petteri (line CR) and P. chabaudi chabaudi (line AS). 
Two pooled sera raised against P. yoeiii (R-YM and R 2 -A) both de-
tected antigens in all three other rodent malaria species. 	Four to 
six arcs were observed on CIE of each antigen but up to three of these 
may have been caused by erythrocyte antigens (Section 12.) 	Each 
species formed two predominant arcs of parasite origin and these were 
designated Ag-3 to Ag-B and compared with Ag-i and -2 of P. yoeiii using 
R-YM antiserum. 
By definition, all the antigens detected were common to P. yoeiii 
but mixtures of P. yoeiii antigens with those of other species revealed 
reactions of partial- and non-identity as well as those of identity. 
(Figs. 32-35, Tables XIII, XIV). 	The reactions of non-identity were 
formed by two antigens presumably common to two discrete antigen'of P. 
yoelii, e.g. 3 and 5 with 4 and 6 (Fig. 340). 	Common antigenic sites 
might be carried on different molecules, or in different combinations 
on a single molecule, in separate species, which would explain reactions 
of partial identity. 
The gels performed on antigen mixtures showed that antigens -2, -3, 
-5 and -7, of P. yoelii, P. berghei, P. virickei and P. chabaudi res-
pectively, were identical. 	Both Ag-4 (P. berghei) and Ag-6 (P. vinckei) 
gave reactions of partial identity with Ag-l. 	Ag-6 also gave a re- 
action of partial identity with Ag-4. 	In each case the spur was 
generated by the antigen with the higher electrophoretic mobility, i.e. 
the one which ran further in the first dimension. 
These reactions of partial identity may mean that Ag-1, -4 and -6 
are heterogeneous, containing more than one antigenic site. 	Ag-4 
would require to possess at least two or three antigenic sites; one 
common to Ag-1, one common to Ag-6 (which might be the same as that 
common to Ag-1) and one specific to Ag-4. 	The same argument holds for 
Ag-6. 	Ag-i need only possess one site if it was common to both Ag-4 
and Ag-6 or two sites, one in common with each of the other antigens. 
An alternative explanation of these reactions of partial identity 
is suggested by the work of Danielsen et al. (1977) and Negassi et al. 
(1978). 	They found that two identical antigens having different 
electrophoretic mobilities could form a false reaction of partial 
identity because the slower antigen was unable to completely dissolve 
the precipitate already formed with the antibody by the faster antigen. 
Complexes formed with rabbit antisera in conditions of antibody excess 
are insoluble but precipitates tend to dissolve in antigen excess due 
to the formation of soluble complexes (Roitt, 1974). 	All the spurs 
formed between Ag-1, -4 and -6 were formed by the antigen with the 
higher mobility. 	Consequently it is possible that Ag-1, -4 and -6 
are all identical but the slower moving antigen in each mixture did not 
completely dissolve previously formed complexes as it entered the 
antibody-containing gel. 
The latter explanation of the reactions of partial identity is 
supported by the mixture of P. berghei and P. vinckei in which the 
trailing arm of arc-4 was deflected below, and approximately congruent 
with, arc-6. 	A heterogeneous antigen might be expected to exhibit a 
skewed precipitate on CIE but Ag-1, -4 and -6 electrophoresed in the 
absence of each other all formed symmetrical arcs. 
It is possible that the relationships between the three antigens 
involve both the explanations above but the evidence suggests that Ag-1, 
-4 and -6 are antigenically identical, with the carriers of the anti-
genic sites having different electrophoretic mobilities. 
Some of the arcs formed in the mixtures have trailing arms extended 
towards the origin, which were not observed when the antigens were run 
singly. 	This may have been caused by loading of a double sample onto 
the gel. In order to avoid forming a larger well, half of each sample 
was allowed to diffuse into the gel and the well filled a second time. 
In this way the sample was evenly mixed but the application area ex-
tended around the well and the precipitates could be expected to have 
a broader base. 
Tandem electrophoresis was carried out on the same samples in an 
attempt to bring together antigens with different electrophoretic 
mobilities and to gain more information about their relationships. 
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Samples were placed in individual wells and gels were run in pairs so 
that each sample could be run in the leading well. 	Different patterns 
were formed depending on the leading sample because of the different 
mobilities of the antigens. 
The tandem gels, in fact, supplied less information than the 
mixtures. 	Ag-2, -5 and -7 were again shown to be identical. 	Ag-3 
gave only a reaction of partial identity with Ag-5 and -7. The results 
might have been clearer if more antigen had been applied but this would 
have involved enlarging the wells, which is difficult in such a small 
system, or diffusing both samples into the gel but that would have 
allowed the samples to mix. 	The arc formed by Ag-8 was diffuse and 
it was only possible to ascertain that it was not identical to Ag-1, -4 
or -6. 
Distortion of some arcs, especially leading ones, was observed and 
appeared to be caused by the front well. 	Antigen was diffused from 
the front well and it was re-filled with agarose so that it did not dis- 
rupt the electrophoresis of the second sample. 	The leading sample had 
effectively two areas of high concentration of antigen with a low con-
centration between, in the position of the well, causing a double arc 
to be formed in the second dimension, e.g. Ag-2 (Fig. 35D). 	Antigens 
which travelled further in the second dimension seemed to be less badly 
affected. 	If the leading sample was electrophoresed into the gel, 
before filling the leading well and applying the sample to the second 
well, so that no backward diffusion occurred, the samples were too far 
apart to interact. 
Previous gel-diffusion and electrophoresis work has implied that 
the major antigens of rodent malaria parasites are common among the 
species. 	Zuckerman and Spira (1963) found that of six parasite 
proteins precipitated from P. vinckei by homologous rabbit serum only 
one did not cross-react with P. berghei. 	No P. berghei-specific anti- 
gens were detected. 	Electrophoretic work carried out by Oxbrow (1972) 
detected five antigens, some of which may have been of host origin, 
which were common to P. yoelii and P. berghei but no specific antigens. 
In my study reciprocal antisera, i.e. against P. berghei, P. 
vinckei and P. chabaudi, were not available, so it was only possible 
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to enumerate antigens common to P. yoelii and not antigens specific 
to the other three species. 	The results strongly suggested that Ag-i 
of P. yoelii was identical to Ag-4 of P. berghei and Ag-6 of P. vinckei 
but that the carriers of the antigenic sites had different electro- 
phoretic mobilities. 	Ag-2 of P. yoeiii was identical to Ag-3 of P. 
berghei, Ag-5 of P. vinckei and Ag-7 of P. chabaudi. 	No reactions of 
identity were detected with Ag-8, possibly because of the diffuse 
character of its precipitate. 
Extensive cross-protection studies have been carried out on the 
rodent malarias and the results have been summarised by Cohen and 
Mitchell (1978) and are reproduced in Table XV . 	The cross-protection 
results suggest that P. yoelii shares protective antigens with P. berghei 
but not with P. vinckei or P. chabaudi. 	This implies that Ag-i and Ag-2 
are not protective since they cross-react extensively with antigens of 
all three species. 
It should be noted that P berghei and P. vinckei infections are, 
like P. yoelii, asynchronous, so all forms of the erythrocytic parasite 
were present in the antigen preparations (with the possible exception 
of gametocytes). 	Infection with P. chabaudi is synchronous and para- 
sites were harvested at the late-trophozoite, early-schizont stage so 
it is possible that stage-specific antigens of this species might be 
overlooked. 
The anti-P. yoelii sera detected six to nine parasite antigens in 
P. yoelii preparations but only two or three in the other species. 
This suggests that P. yoelii-specific antigens were detected as well as 
those common to P. berghei, P. vinckei and P. chabaudi. 
16.7. 	Comparison of antigens of P. falciparum with rodent parasites. 
Three antigens of parasite origin from cultured P. falciparum para-
sites reacted with the anti-P. yoelii serum. 	The antigens forming the 
two predominant arcs were designated Ag-9 and Ag-b. 	Since Ag-i and -2 
of P. yoelii were found to be so widely distributed amongst the rodent 
parasites it was of interest to compare them with Ag-9 and -10 of P. 
falciparum. 	This comparison was complicated by the fact that Ag-9 forms 
a rather diffuse arc and its trailing arm tended to coincide with that 
TABLE XV. 	Specificity of immunity to the erythrocytic stage of 
rodent malaries. 	From Cohen and Mitchell, 1978. 
Challenge 
Original 	infecting parasites 
P. 	chabaudi 	P. 	berghei 	P. yoelii 
P. 	chabaudi + 	 - 
P. 	vinckei + 	 - 	 - 
P. 	berghei - 	 + 	 ± 
P. 	yoelii + 	 + 
+ = protected, ± = variable protection, - = susceptible. 
of arc-10, making it difficult to be certain whether Ag-9 and -10 
were partially- or non-identical. 
In the mixture of P. yoelii and P. falciparum it was possible that 
Ag-10 was identical to Ag-i or Ag-2, however the mixtures of P. falciparum 
with the other species helped to clarify this problem. 	Ag-la was not 
identical to Ag-3, -5 or -7 as it would have been if it was identical 
to Ag-2, but formed a reaction of true partial identity with Ag-4. 
Ag-6 and Ag-la also formed a reaction of partial identity but the same 
reservations as to whether this was a true reaction hold as in the re- 
action of Ag-i and -6. 	Ag-9, although common to some P. yoelii antigen 
did not appear to bear any relation to the other antigens detected. 
The identity, partial or complete, of Ag-la of P. falciparum to 
Ag-i of P. yoelii argues against Ag-i being an altered host protein 
since that would imply parasite induction of the same antigenic change 
in proteins of mouse and human erythrocytes. 
Heat stability analysis of P. falciparum antigens showed that one 
antigen belonged to the L-group and one to the R-group. 	When only one 
arc remains on the gel it is difficult to be sure of its identity. 
However it seems most probable that Ag-9 belongs to the R-group and 
Ag-10 to the L-group, as judged by the position of the arc. 	If this 
is so then the carrier to which the antigenic site characterising Ag-i 
and -10 is attached must be different in P. yoeiii infected mice and P. 
falciparum-infected humans, since Ag-i has the heat stability character -
istics of an R-antigen. 
Small amounts of plasma from Gambian children suffering P. faiciparum 
infection were kindly supplied by Dr R.S. Phillips of the University of 
Glasgow and this made it possible to carry out a preliminary reciprocal 
reaction. 	P. yoelii antigen precipitated weakly with plasma from 3 
Gambian children. 	One clear and one very diffuse arc were formed. 
P. falciparurn, line K 1 , antigen produced five arcs with plasma G 1 
from a seven-year-old Gambian boy with a parasitaemia of 7%, and three 
arcs with plasma G 2 from a nine-year-old girl carrying a 0.4% parasitaemia. 
The same antigen formed one diffuse arc with pooled normal human plasma 
obtained from the Blood Transfusion Service, Edinburgh. 
Firm conclusions cannot be drawn from this small study, but it is 
interesting that antigen of a strain of P. falciparum originating in 
Thailand precipitated plasma from Gambian individuals who would not 
be expected to have a high antimalarial antibody titre, i.e. non-immune 
children. 	This suggests that major precipitinogens are shared by 
P. falciparum parasites from widely separated geographical regions, as 
has already been demonstrated by Wilson (1981) for S- and L-antigens. 
There was not enough plasma to test antigen mixtures but there 
was no evidence that Ag-9 and -10 were detected by the Gambian plasma. 
16.8. 	Stage-specificity of antigens detected by CIE. 
Sporozoites and blood forms of malaria have been shown to possess 
common antigens by the lEA (discussed in Section 15). 	A preliminary 
study using CIE detected an antigen which was common to both parasite 
stages and which was precipitinogenic. 	Sera from the four rabbits 
immunised with P. yoelii sporozoites were tested individually against 
P. yoelii blood form antigen; three sera did not react but one of the 
two R-S0 rabbits (R 1 -SD) produced a single arc. 	This serum also de- 
tected a single antigen in the blood forms of the three other rodent 
malaria species studied and in P. falciparum. 	The shape of the arcs 
and their position suggested that they were caused by the same antigen. 
Nardin and Nussenzweig (1978) have shown that antigen common to 
sporozoites and blood forms of either P. berghei or P. knowlesi are not 
expressed on the surface of viable sporozoites. 	As my rabbits were 
immunised with viable sporozoites the antigen detected by serum R 1 -SD 
is probably an internal one. 
Sera raised against blood forms were not tested against sporozoite 
antigen on CIE because of the difficulty of obtaining enough sporozoites. 
Sporozoite antigens were tested against serum R-SD but the strong re-
action to mosquito tissue masked any sporozoite antigens which may 
otherwise have been detected. 
17. 	Genetics 
17.1. 	Genetic recombination in Plasmodium 
The study of the genetics of parasitic protozoa is a new and 
expanding field. 	Genetic studies of malaria parasites should yield 
information about the inheritance of characters, including antigens 
and drug resistance, which could be important in the design of control 
and eradication programmes. 	Details of the sexual process in 
Plasmodium should also clarify, for instance, whether the parasite 
follows the typical eukaryote life cycle as suggested by cytological 
studies (Sinden, 1978). 
The first attempt to demonstrate recombination in malaria was by 
Greenberg and Trembley (1954) using P.gallinaceum. 	The markers em- 
ployed were the mode of development of the two strains and their sens- 
itivity to the drug pyrimetharnine. 	However the growth characteristics 
of these strains were frequently unstable and so did not constitute very 
satisfactory genetic markers. 
A much more reliable method of differentiating strains of parasitic 
protozoa is that of enzyme electrophoresis. 	This has been used in the 
genetic study of free-living protozoans, Paramecium (Tait, 1968; 1970a, 
1970b) and Tetrahymena (Allen & Gibson, 1973) and was developed for use 
in malaria parasites by Carter (1970). 	Electrophoretic variants of 
enzymes are particularly useful genetic markers as they nearly always 
reflect gene differences (Carter & Walliker, 1977). 
Enzyme variation was first detected among isolates of P. berghei 
and P.yoelii (Carter, 1970) and later in other rodent malaria species 
(Carter, 1973; Carter & Walliker, 1975; reviewed by Carter & Walliker, 
1977; Beale etal., 1978). 	Walliker et al. (1971) were first to 
demonstrate recombination in rodent malaria parasites, using enzyme 
variation and drug resistance as markers. 	A cross was performed by 
simultaneous mosquito transmission of two lines of P. yoelii, line A 
was resistant to the drug pyrimethamine and possessed enzyme form GPI-1 
and line C was drug-sensitive and possessed GPI-2. 	When the products 
of the cross were drug-treated both GPI-1 and GPI-2 were observed in 
the surviving parasites, showing that genetic recombination had 
occurred. 	Control experiments proved that the drug-resistant GPI-2 
parasites had not been produced by mutation. 	The alternative 
recombinant, drug-sensitive GPI-1 was revealed in later experiments, 
when the progeny of the cross were cloned (Walliker et al., 1973). 
Enzyme - type and drug-resistance markers were also employed to 
demonstrate recombination between two strains of P. chabaudi.(Walliker 
et al., 1975). 	The progeny clones of this, and the P. yoelii cross 
never possessed both variants of a single enzyme, supporting the rather 
limited cytological evidence that the blood forms of malaria are hap-
bid (reviewed by Sinden, 1978). 
P.y. yoelii and P.y. nigeriensis have been crossed five times 
(Knowles et al., 1981). 	Four genetic markers, three enzyme variants 
and resistance to pyrimethamine, were involved in these crosses and 
successful hybridisation between each of them was demonstrated in the 
progeny of each cross. 
Genetic recombination has also been demonstrated in Eimeria, using 
initially drug resistance and growth characteristics as markers 
(Jeffers, 1974; Joyner & Norton, 1975; Jeffers, 1976) and more 
recently, using enzyme markers (Shirley, 1978; Rollinson, 1979). 
Pfefferkorn and Pfefferkorn (1980) have also used drug-resistance 
markers to demonstrate recombination in Toxoplasma. 
17.2. 	Genetics of virulence and host-cell preference. 
The genetics of virulence has been studied using line YM of P.y. 
yoelii which suddenly arose from the typical mild infection pattern of 
isolate 17X, following removal of a stabilate from liquid nitrogen 
storage (Yoeli etal., 1975). 	The virulence of the new strain remained 
unaltered through blood and mosquito passage and its enzyme markers were 
those of isolate 17X, from which it was derived, proving that this was 
not a case of mistaken identity. 	The virulent strain was cloned and 
one of the clones (line YM) was used in genetic work. 	As discussed 
previously (Section 3.1) line YM has the ability to grow in mature red 
blood cells, while the mild parent isolate (17X) is restricted to 
growth in reticulocytes. 	Line YM does, however, retain the preference 
for infection of reticubocytes (Section 10.1.4) which is characteristic 
of P.y. yoelii, contrary to the remark of Hargreaves et al. (1975) that 
it prefers to infect mature cells. 
Walliker et al. (1976) crossed virulent line YM with a mild line 
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of P.y. yoelii, line A/C, which also differed from it in enzyme-type 
and drug-sensitivity. 	Analysis of 56 clones from this cross, 33 of 
which were recombinant forms, showed that virulence had been inherited 
in a Mendelian fashion, and was therefore due to a genetic change in 
the parasite. 	Virulence did not appear to be linked to the other two 
markers. 
Three of the clones in this cross exhibited a level of virulence 
which was unlike that of either of the parental lines. 	Also, when 
line YM itself was cloned one of the twenty clones showed an infection 
pattern which was less virulent than the parent line but retained the 
ability to multiply in mature red cells. 	Walliker and colleagues 
suggested, from this evidence, that virulence may be due primarily to 
the action of a single gene, but that the background in which that 
gene is present may cause variability in its expression. 
This variable virulence in clones of line YM under standard con-
ditions was studied further by Knowles and Walliker (1980). 	Full 
virulence was found to be restored on mosquito transmission so no loss 
of genetic factors conferring virulence could have occurred. 	This 
variability may be attributable to other aspects of the parasites 
genetic background, as suggested above, for instance the involvement 
of a gene, at another locus, which affected the virulence. 
It is also possible that the variable virulence could be the product 
of a combination of parasite- and host-factors. 	Variations in para- 
sitaemia between mice can be considerable and may be influenced by 
multiple factors, for example, the speed with which the mouse mounts 
an immune response or replaces lost blood cells. 
The ten progeny clones of the AID cross studied in my work were 
tested for virulence (Section 11.1, Figs. 26, 27). 	Infection of im- 
mature and mature red blood cells followed a characteristic pattern over 
the first six to nine days after infection. 	In virulent lines the in- 
fection began in reticulocytes, started to infect mature cells around 
day 3-4 and by day 6 post infection more than 99% of the parasites were 
growing in mature cells. 	The mild infections also began in reticulo- 
cytes and mature cells were invaded, sometimes to a high degree, around 
day 3 or 4 but the parasites failed to thrive, only a very few reaching 
even the ring stage. 	Some difficulty was experienced in counting these 
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parasites as the New Methylene Blue staining appeared to make the 
cells more fragile and easily broken on smearing. 	Merozoites lying 
immediately outside broken erythrocytes were counted as having infected 
the cells and so slightly high values may have been obtained. 	By day 
6 post infection most parasites in mild lines were in immature erythro-
cytes and by day 9 parasites were almost exclusively to be found in 
this cell type. 
The presence of parasites in mature cells was found to correlate 
with a large area under arc-i in comparison with arc-2, as in the 
parental line D 2 . 	Parasite lines growing in reticulocytes exhibited 
a similar pattern to line A 2 . 	The virulence character, as measured 
by the area under arc-1, was found to segregate among the progeny in-
dependently from the enzyme and drug-resistance markers of the two 
parental lines, showing that it had been inherited in a Mendelian fashion. 
17.3. 	Genetic basis of electrophoretic variation in Antigen-1. 
Ag-i was found to be influenced by two separate genes. 	One gene, 
which correlated with the virulence and mature cell habitation of the 
parasites, affected the amount of the antigen present (see discussion in 
previous section). 	The second gene affected the electrophoretic mob- 
ility of the antigen-designated Forward (F) in line A2 and Backward (B) 
in line D 2 . 
The F and B characters appeared to be inherited discretely; none 
of the progeny clones produced an electrophoretic profile similar to 
the artificial intermediate (Section 10.3). 	These results would be 
consistent with the hypothesis that the electrophoretic mobility of 
Ag-i is subject to allelic variation at one gene locus (Fig. 42a). 
Previous studies (Walliker et al., 1975) have established that 
the blood forms of malaria parasites are haploid. 	If the expression 
of F and B is governed by single genes at different loci intermediate' 
forms of Ag-i might be expected in some clones derived from the progeny 
of the cross (Fig. 42b). 	Under the most favourable conditions 50% of 
the progeny of a cross (excluding self-fertilisation) would have re-
combined at the F and B loci and one could therefore expect to find 
three or four intermediates in the seven clones in this study which were 
known to be recombinant. 	There is also no guarantee that a functional 
FIGURE 42 A, B. 
Genetic basis of electrophoretic variation in Ag-1. 
A diagrammatic representation of two theoretical methods 
of inheritance of the electrophoretic mobility of Ag-l. 	a s  
denote loci. 	F and B denote alleles associated with the 
Forward and Backward position of Ag-i respectively. 
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intermediate would give the same profile on CIE as an artificial 
intermediate. 
17.4. 	Genetics of protection. 
The only work carried out on the genetics of malarial antigens 
prior to that reported here was a genetic study of the ability of para-
sites to grow in mice immunised against blood forms of P.y. yoelii 
isolate 17X (Oxbrow, 1973). 	Immunisation against strain 17X confers 
protection against homologous challenge but not against challenge with 
blood forms of strain N67, irrespective of their virulence. 	Oxbrow 
found that the ability of cloned progeny of the A/D cross to grow in 
mice ininunised with line A was inherited in a Mendelian way, recombining 
with enzyme and drug-resistance markers. 	If one assumes that the sur- 
vival of line 0 parasites in line A-immune mice is due to the parasites 
carrying different protective antigens then these results imply that 
the protective antigens of P. yoelii are also inherited in a Mendelian 
fashion, although this may be a simplistic view of the problem as 
several antigens may be involved in protection. 
No major antigenic differences were detected between lines A 1 and 
D 1 using CIE (Section 9) and endpoint titres in fluorescent tests were 
similar in both lines (Section 8.1). 	It is possible that the rabbits 
immunised with the blood stage parasites did not recognise the antigens 
which elicit the production of protective antibodies in mice, although 
this is unlikely if the protective antigens are major parasite constit- 
uents. 	Antiserum raised by infection and challenge of mice with line 
A 1 blood forms did not differentiate between blood stage parasites of 
line A1 and line 
Di  in fluorescence tests despite being functionally 
protective. 	No protection tests were carried out in this study. 
The parasite lines used in my work did not correspond exactly to 
those used by Oxbrow. Line Dl  in this study was Oxbrow's strain N67 
but lines A 1 and A2 are both clones of isolate 17X and line 02  was de-
rived from a single oocyst infection of strain N67. 
17.5. 	Conclusions. 
If, however, this limited study is a true reflection of antigenic 
inheritance in malaria parasites then the results imply that the two 
characteristics of Ag-1, i.e. the amount detected and its electrophoretic 
94. 
mobility, are governed by two genes at separate loci. 	The mobility 
of the antigen appears to be governed by allelic variation at a single 
locus. 	This variation results in some chemical or conformational 
change in the antigen which alters its mobility, probably by altering 
its charge, without affecting the antigenic site recognised by the 
appropriate antibody. 	Another gene, or set of genes, governs the 
amount of the antigen produced. 	The different amount detected in 
parasites with the ability to grow only in immature erythrocytes or in 
both immature and mature cells is possibly the result of a regulatory 
gene which in line D 2 (and by implication in lines YM and A 3 
 ) has 
mutated to produce a larger amount of Ag-1, the presence of which cor- 
relates with virulence. 	This gene may be present in parasites growing 
in immature cells, for example lines D and YM in phenylhydrazine-treated 
mice, but not fully expressed. 	It is not possible to distinguish 
whether the expression of this mutation facilitates parasite survival 
in the mature erythrocyte or is a result of its growth there. 	Entry 
of parasites into mature cells does not seem to require this mutation 
but growth therein does. 
Both of these genes appeared to be inherited in a Mendelian fashion 
and recombined with each other and with drug resistance and the three 
enzyme markers. 	A total of six genetic markers have been studied in 
the ten clones and no evidence of linkage was found between any of them 
(Table XII). 	If recombination only occurs by reassortnient of chromo- 
somes and the haploid number of Plasmodium is ten (Sinden, 1978), then 
linkage must be observed when a cross can be performed with eleven 
markers. 	The probability of detecting linkage, in a large number of 
samples, with only six markers is 0.36 so the absence of evidence of 
linkage to date does not challenge the present theories of genetic re-
combination in Plasmodium. 
Although the parasite lines studied in this work belong to two sub-
species of P. yoelii this does not imply that the antigenic differences 
observed and employed as genetic markers are characteristic of the two 
sub-species. 	The YM and A lines were derived from the same isolate 
(Fig. 3), originally from the same animal, and were all cloned. 	Line 
was derived from a single occyst infection and line D 1 although un-
cloned has undergone laboratory passage for a number of years and a 
95. 
particular group of parasites may have overgrown the others during 
this time, resulting in the formation of an effective clone. 	Exam- 
ination of other isolates of the two sub-species might reveal all the 
markers in each. 
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18. 	General conclusions and implications. 
18.1. 	Conclusions. 
The following conclusions can be drawn from this study: 
The antigens of P. ycelil sporozoites isolated from the salivary 
glands or guts of the same mosquitoes on day 13-16 after in-
fection possess common antigens. 
Sporozoites of P.yoelii and P. chabaudi possess species-specific 
antigens. 
Sporozoites of P. yoelii lines A 1 and D1 possess both common 
antigens and strain-specific antigens. 
Blood form parasites of P. yoelii, P. berghei, P. vinckei and 
P. chabaudi all possess common antigens and P. yoelii and P. 
berghei also possess antigens not present in P. vinckei or P. 
chabaudi. 
P. yoelii sporozoites possess an antigen common to the blood 
forms of each of P. yoelii, P. berghei, P. vinckei, P. chabaudi 
and P. falciparum. 	This may be a single antigen. 
The antigens of P.y. yoeiii (lines A 1 and A2 ) and fy.nigeriensis 
(lines D1 and D2 ) demonstrable by CIE are predominantly common. 
Two antigens of P. yoelii precipitate particularly strongly with 
antisera raised in rabbits. 	These antigens were designated Ag-i 
and Ag-2. 
P. yoelii parasites growing in mature red blood cells possess 
more detectable Ag-i than parasites growing in immature cells. 
This correlates with the virulence of the parasites. 
Ag-i in P.y. yoeiii lines Al. A2 , A 3 and YM has a higher electro-
phoretic mobility than that in P.y. nigeriensis lines D 1 and D2 . 
Ag-2 has a constant electrophoretic mobility and is present in 
similar amounts in all lines of P. yoelii tested. 
Ag-i and Ag-2 are present in the sera of infected mice and both 
share heat-stability characteristics with the R-antigens of P. 
falciprum. 	They are not expressed on the surface of erythro- 
cytes infected with P.y. nigeriensis line D 2 . 
Parasite virulence, as determined by the amount of Ag-i detected, 
and the electrophoretic mobility of Ag-i are inherited according 
to Mendelian principles. 
Ag-i is governed by two genes located on separate chromosomes. 
One gene, which may be regulatory, governs the amount of anti-
gen produced. 	The other governs its mobility. 
P. yoeiii blood forms possess precipitinogens common to those 
of P. berghei, P. vinckei and P. chabaudi. 	One of these is 
Ag-2. 
P. berghei and P. vinckei blood forms possess precipitinogens 
which are antigenically identical to Ag-i but differ in their 
electrophoretic mobility. 
Blood forms of P. falciparum possess at least three antigens 
in common with P. yoelii, two of which precipitate well. 	One 
antigen belongs to the L-antigen group and is partially identical 
to Ag-l. 	The other belongs to the R-antigen group. 
Antibodies directed against antigens of cultured P. falciparum 
originating from Thailand are present in the plasma of Gambian 
children infected with P. falciparum. 
18.2. 	Implications. 
In this study variant antigens of malaria have been shown to be 
stable genetic markers. 	Enzyme and drug-resistance markers of rodent 
malaria parasites, especially P. chabaudi, have shown that cross-
fertilisation of gametes occurs frequently in natural populations 
(Carter & Walliker, 1975; Carter, 1978), allowing a potentially infinite 
number of variants to arise. 	The work in this study suggests that 
antigens are inherited in a similar fashion, implying that antigenic 
variants could spread rapidly through a natural interbreeding population 
of malaria parasites. 
Hybridisation has been carried out in the laboratory between 
several geographically isolated populations of P. yoelii. 	Knowles et 
al. (1981) and Lainson (unpublished data), using enzyme and drug-
resistance markers, have successfully crossed parasites from the Central 
African Republic, Cameroun and Nigeria with the production of recombi- 
nant forms. 	Evidence from the frequencies of enzymes and other 
proteins of isolates from several countries (Sanderson et al., 1981; 
Tait, 1981; Thaithong etal., 1981) suggests that P. falciparum 
01-1  
worldwide is a single interbreeding population. 	If this is so, then 
mutations in antigens enabling parasites to evade a particular vaccine 
could spread rapidly. 	This emphasises the importance of the study 
of inheritance of antigens both before and during vaccine administration. 
The results of recent research on rodent malaria indicate that 
the possibility of production of an antimalarial vaccine within the 
next decade may be viewed with cautious optimism. 	Protective mono- 
clonal antibodies have been produced against both sporozoites 
(Potocnjak et al., 1980) and blood forms (Freeman et al., 1980; Taylor 
et al., 1981) of rodent malaria and a degree of protection has been ob-
tained in mice by vaccination with purified antigen, albeit with the 
use of adjuvant (Holder & Freeman, 1981). 	The discovery of a suit- 
able adjuvant should not be an insurmountable problem and the work of 
Orjih et al. (1981) on sporozoite immunisation of very young mice 
suggests that the adjuvant requirement of a vaccine for very young 
children may be less than previously expected. 
Results of experiments on rodent malaria cannot always be extra-
polated to human malaria and the production of monoclonal antibodies 
against P. falciparum using the mouse-myeloma system may not always be 
relevant to the human immune response. 	However the rodent malaria 
system is the only one in which malarial genetics can be studied and 
it is to be hoped that the work in this study will, in combination with 
other rodent malaria research, contribute significantly to the fight 
against the human disease. 
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0.2g 	potassium chloride 
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in 1 litre distilled water. 
Salt solution for deep freezing. 
0.154M sodium chloride 	100 volumes 
0.1541 potassium chloride 4 	'I 
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0.103M calcium chloride 1 
Sporozoite-column buffer. 	Ionic strength 0.121. pH 8.2. 
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5.Og sodium dihydrogen phosphate 
5.Qg 	sodium chloride 
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in 1 litre of distilled water. 
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7. Barbital-glycin Tris buffer pH 8.7. 
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2.07g barbitone 	 J 	A 
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56.2g 	glycin 	 1 
45.2g Tris j 	B 
in 1 litre of distilled water. 
Dissolve barbitone by boiling before adding barbitone sodium. 
Add equal volumes of A and B and dilute 1 plus 4 in distilled water. 
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APPENDIX FIGURE 1. 
Reactions of individual sera from pool R 1 -A. 
A-F) 5 x 
10 
  parasites line A 1 tested with 50p1 serum from an 
individual rabbit. 	Possible positions of Ag-i and Ag-2 are 
shown on tracings. 
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APPENDIX FIGURE 2. 
Reactions of individual sera from pool R 1 -D. 
A-F) 5 x 106  parasites line D 1 tested with 50ul serum from 
an individual rabbit. Possible position of Ag-i and Ag-2 
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